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ABSTRACT
The background and importance of aromatic C-H bond activation by metal
complexes are discussed in Chapter 1 with the help of various examples from the literature.
Synthesis of the dirhenium complex Re2(CO)8(-C6H5)(-H) 1.1 is also discussed in detail.
It also includes work done on C-H activation on arenes and heteroarenes by previous
members of Dr. Adams’ group.
The reactions of Re2(CO)8(-C6H5)(-H) with naphthalene and anthracene yielding
the first multiply-CH activated arene products by the multiple oxidative-addition processes
are presented in Chapter 2. The reaction of Re2(CO)8(-C6H5)(-H) with itself yielded the
doubly-Re2-metalated

C6H4

bridged

compound

Re2(CO)8(µ-H)(µ-1,µ-3-

C6H4)Re2(CO)8(µ-H), 2.3.
The reaction of Re2(CO)8(-C6H5)(-H) with the nonplanar molecule, corannulene,
resulting in formation of Re2(CO)8(µ-H)(µ-η2-1,2-C20H9), 3.2 is reported in Chapter 3.
Three new isomeric doubly-metalated corannulene products: Re2(CO)8(µ-H)(µ-η2-1,2-µη2-10,11-C20H8)Re2(CO)8(µ-H),

3.3,

Re2(CO)8(µ-H)(µ-η2-2,1-µ-η2-10,11-

C20H8)Re2(CO)8(µ-H), 3.4 and Re2(CO)8(µ-H)(µ-η2-1,2-µ-η2-11,10-C20H8)Re2(CO)8(µH), 3.5 were formed when compound 3.2 was allowed to react with a second equivalent of
Re2(CO)8(-C6H5)(-H).
The products formed from the reactions of Re2(CO)8(μ-C6H5)(μ-H) with furan and
2,5-dimethylfuran are presented in Chapter 4. Two new isomeric dirhenium compounds

vi

Re2(CO)8(µ-η2-2,3-C4H3O)(µ-H), 4.1 and Re2(CO)8(µ-η2-3,2-C4H3O)(µ-H), 4.2, both of
which contain a bridging σ-π coordinated furyl ligand were formed by the activation of CH bonds at the α and β position of furan, respectively.
Studies of C-H activations of thiophene on reaction with Re2(CO)8(-C6H5)(-H)
are reported in Chapter 5. Also, the dynamic activity of Re2(CO)8(-2-SC4H3)(-H), 5.2
on the NMR timescale involving rearrangements of the bridging thienyl ligand and ring
opening of thiophene molecule by C-S bond cleavage is discussed in detail.
The activation of formyl C-H bond of N,N-dimethylformamide (DMF) by
Re2(CO)8[μ-η2-C(H)=C(H)Bun](μ-H), 6.1 is reported in chapter 6. This reaction yielded
three

products,

Re2(CO)8(µ-2-O=CNMe2)(µ-H),

6.2,

Re2(CO)7(NHMe2)(µ-2-

O=CNMe2)(µ-H), 6.3 and Re2(CO)9(NHMe2), 6.4. Compounds 6.2 and 6.3 contain a C,O2-bridging dimethylformamido (O=CNMe2) ligand and a bridging hydrido ligand formed
by the elimination of hexene from 6.1 and the oxidative addition of the formyl C-H bond
of the DMF to the dirhenium group of 6.1. Compound 6.3 contains an NHMe2 ligand
formed by the decarbonylation of DMF and the transfer of the formyl hydrogen atom to
the NMe2 residue. Compound 6.4 contains a similarly formed NHMe2 ligand.
The investigations of synthesis and reactivity of electronically unsaturated
dirhenium compounds containing bridging gold-carbene groups are described in chapter 7.
Re2(CO)8[μ-Au(NHC)](μ-Ph), 7.1 and Re2(CO)8[μ-Au(NHC)]2, 7.2, were obtained from
the reaction of Re2(CO)8[μ-η2-C(H)=C(H)Bun](μ-H) with MeAu(NHC), NHC = 1,3bis(2,6-diisopropylphenyl)imidazol-2-ylidene. Conversion of compound 7.1 to the new
compound Re2(CO)8[μ-Au(NHC)](μ-H), 7.3 upon reaction with hydrogen is also
discussed. Addition of CO to 3 yielded the new compound Re2(CO)9[Au(NHC)](μ-H), 7.4.
vii

Compound 7.3 also reacts with C2H2 by an addition with insertion into the Re – H bonds
to yield the compound Re2(CO)8[μ-Au(NHC)](μ-C2H3), 7.5 which contains a -
coordinated, bridging C2H3 ligand.
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CHAPTER 1
INTRODUCTION
The activation of “unreactive” C-H bonds in hydrocarbons has attracted
considerable attention in recent years. The breakthrough came in 1965, when Chatt and
Davidson reported the first example of an aromatic CH activation by the oxidative-addition
one of the CH bonds of the naphthalene ligand in the ruthenium complex
Ru(Me2PCH2CH2PMe2)2(2-C10H8) to

the metal

atom

to

form

the complex

Ru(Me2PCH2CH2PMe2)2(1-C10H7)(H), scheme 1.1.1 Since then, the activation of
aromatic C-H bonds in arenes and heteroarenes by metal complexes has attracted
considerable attention. Today, the activation of aromatic CH bonds by metal complexes
has paved the way for the synthesis and functionalization of wide variety of organic
compounds.2 It has proven to be one of the great achievements of modern organometallic
chemistry.3

Scheme 1.1 C-H activation of naphthalene by Ruthenium complex.
1

Since the Chatt and Davidson report, hydrocarbon activation has become a hot topic
among many groups working with transition metal complexes. In 1982, Robert Bergman
reported an example of the aromatic C-H bond activation of benzene by irradiating it in the
presence of the dihydridoiridium(III) complex, leading to loss of H2 and formation of
hydridophenyliridium complex (e.g. 1). He also reported first example of intermolecular
oxidative addition of single C-H bonds in saturated hydrocarbon using same iridium
complex. That same year, William Jones also reported C-H activation of toluene and other
arenes by using the air sensitive rhodium hydride complex (e.g. 2), scheme 1.2.4 He also
studied the mechanism of activation by oxidative addition and reported evidence for an η2arene intermediate complex.

Scheme 1.2 Two important examples of aromatic C-H bond activation reported
independently by Robert Bergman (e.g. 1) and William Jones (e.g. 2) using iridium and
rhodium complexes respectively.
2

Recent discoveries of a variety of other transition metal mediated C-H activation
systems, have led to the development of catalytic processes for the transformation of simple
hydrocarbons into higher value products by the functionalization of the CH bonds.5 One
such catalyst, Ru(II) supported by hydridotris (pyrazolyl)borate (Tp) ligand has been used
for olefin hydroarylation of unsaturated substrates via a pathway involving olefin insertion
and metal-mediated C-H bond activation, see below.6

Scheme 1.3 Catalytic addition of arene C-H bonds across C=C.
Even though the activation of C-H bonds in hydrocarbons has attracted much
interest from chemists over the past few decades, examples of multiple C-H bond activation
are extremely rare.7 Most multiple CH activations generally proceed by an oxidative
addition CH activation at a metal atom and are then followed by a β-elimination at a
neighboring carbon atom. Despite being so widely studied, there are still very few
3

examples of multiple oxidative addition of CH bonds of unsubstituted arenes to metal
complexes. The reaction of Os3(CO)10(NCMe)2 with C6H6 is known to yield the orthodimetallated benzene or “benzyne” complex Os3(CO)9(3-2-C6H4)(-H)2 complex by the
activation to two adjacent CH bonds of the benzene molecule, Scheme 1.4.7a Esteruelas
have also reported examples of multiple C-H bond activation of phenyl substituted
pyrimidines and triazines by an osmium polyhydride leading to formation of fused
metallapolycyclic systems.8

Scheme 1.4 Synthesis of the first benzyne ligand by CH activations at neighboring C
atoms in benzene by a triosmium cluster.
Previous work done by Adams’ group which forms the basis of this thesis has led
to the development of new multiple CH activation reactions as discussed in the next
section, by using the dirhenium carbonyl complex Re2(CO)8(-C6H5)(-H), 1.1.

1.1 Synthesis of Re2(CO)8(-C6H5)(-H) and its importance
Recent studies by Adams’ group has led to the synthesis of, the remarkable
dirhenium complex Re2(CO)8(-C6H5)(-H), 1.1 from the reaction of Re2(CO)8(-1C6H5)(-AuPPh3) with HSnPh3, Scheme 1.5.9a Compound 1.1 is an electronically
unsaturated complex containing a bridging 1-phenyl ligand and a bridging hydrido ligand
across the one and only Re – Re bond in the complex.
4

Scheme 1.5. A schematic of the synthesis of the compound Re2(CO)8(-C6H5)(-H), 1.1
Compound 1.1 led to the formation of complex Re2(CO)8(NCMe)2 and benzene by
NCMe-induced reductive elimination of the bridging phenyl and bridging hydrido ligand
at room temperature, scheme 1.6. The mechanism of this reaction was studied by density
functional theory (DFT) computational analyses. Further studies on this complex revealed
that it is also capable of aromatic C-H bond activation, leading to formation of new
dirhenium complexes in good yields under very mild conditions. The complex 1.1 serves
as a starting material for the development of multiple C-H bond activation reactions of
arenes and heteroarenes as described in this thesis.

Scheme 1.6. Nucleophile-induced reductive elimination of benzene from compound 1.1.

1.2 C-H activation of Arenes
Arenes are aromatic hydrocarbons with benzene, C6H6, being the simplest one. CH activation in arene molecules is much more facile than in saturated hydrocarbons,
5

because of their π bonding system. Compound 1.1 has been reported to reductively
eliminates benzene and readily reacts by C-H activation with other arenes, e.g.
naphthalene, N,N-diethylaniline and even benzene itself to undergo arene re-addition by
oxidative-addition, giving new dirhenium complexes with bridging aryl and bridging
hydrido ligands e.g. Re2(CO)8(-C10H7)(-H), from naphthalene (1) and Re2(CO)8(C6H4NEt2)(-H) (2) from N,N-diethylaniline, Scheme 1.7.9b

Scheme 1.7. A schematic of benzene-naphthalene (1) and benzene-N,N-diethylaniline (2)
exchange with compound 1.1.
In 2016, the Adams’ group reported the mechanism for the binuclear oxidative
addition of the CH activation in benzene by the dirhenium octacarbonyl group, scheme
1.8.9b The transformation is initiated by approach of an uncoordinated benzene solvent
molecule to 1.1 in the region proximate to its bridging hydrido ligand. The approaching
benzene solvent molecule donates some electron density from one of its π bonds to one of
the rhenium atoms. A shift of the bridging phenyl ligand to a terminal position on the
neighboring rhenium atom, via the transition state TS1, yields the intermediate I1. This
6

intermediate is subsequently converted into an η2-CH coordinated C6H6 ligand in the
intermediate I2 by a C-H bond-forming shift of the bridging hydrido ligand to the carbon
atom of the terminally coordinated phenyl ligand via the transition state TS2. The
intermediate I2 subsequently rearranges into a centrosymmetrical bis[η2-(C-C)-C6H6]
complex (I3) which is approximately 4 kcal mol-1 lower in energy than I2.

Scheme 1.8 Proposed mechanism for benzene exchange in 1.1.
This mechanism demonstrated the importance of binuclear metal character for CH bond cleavage of benzene. This mechanism and the reaction paves the way for further
development in field of aromatic C-H bond activation leading to their functionalization.

1.3 C-H bond activation of Heteroarenes
Heteroarenes are the aromatic compounds in which at least one of the C atoms is
replaced by a heteroatom such as oxygen, nitrogen or sulfur. For example, the five7

membered ring compound with one oxygen atom, known as furan, serves as an
intermediate for the synthesis of biofuels. In 1985, Gerhard Muller reported C-H bond
activation of furan by using a triosmium complex to make µ-furyne cluster compound (step
1).10a Later on in 2018, Adams et al reported that a second triosmium carbonyl cluster
grouping could be added to the furyne ligand in the triosmium cluster complex
Os3(CO)9(µ3,η2-C4H2O)(µ-H)2 to form the bis-triosmium furdiyne complex Os3(CO)9(µH)2(µ3-η2-2,3-µ3-η2-4,5-C4O)Os3(CO)9(µ-H)2 which has formally undergone a total of four
aromatic CH bond activations on the one furan ring which serves as a bridge between the
two triosmium clusters step 2, see Scheme 1.9.10b The furdiyne ring subsequently
undergoes ring opening and decarbonylation when the complex is heated.

Scheme 1.9 A schematic of the synthesis of the compound Os3(CO)9(µ-H)2(µ3-η2-2,3-µ3η2-4,5-C4O)Os3(CO)9(µ-H)2 from Os3(CO)10(NCMe)2 and furan.

8

In this thesis, the first two examples of a double CH activations in naphthalene by
two sequential oxidative additions of the dirhenium complex 1 to CH bonds in naphthalene
will be discussed. There are two isomers, one contains two - coordinated Re2(CO)8
groups on one and the same ring of the naphthalene ligand, one at the 1,2-position and the
other at the 3,4-position. Other isomer contains two - coordinated Re2(CO)8 groups, one
on each of the two rings of the naphthalene ligand. Similar products were obtained for the
reaction of 1 with anthracene, but we have taken the reactions of 1 with anthracene an
important step further by adding four Re2(CO)8 groups to it to yield the quadruply-CH
activated anthracentetrayl complex. We have also produced a series of novel, multiple CH bond activations in corannulene, furan and thiophene by multiple additions of dirhenium
carbonyl complexes including one with opened ring of thiophene.
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CHAPTER 2
MULTIPLE AROMATIC C-H BOND ACTIVATIONS BY A
DIRHENIUM CARBONYL COMPLEX1

1

Adams, Richard D.; Dhull, Poonam; Tedder, Jonathan D., manuscript in preparation.
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2.1 Introduction
In 1965 Chatt and Davidson reported the first example of an aromatic CH activation
by the oxidative-addition one of the CH bonds of the naphthalene ligand in the ruthenium
complex Ru(Me2PCH2CH2PMe2)2(2-C10H8) to the metal atom to form the complex
Ru(Me2PCH2CH2PMe2)2(1-C10H7)(H).1 Today, the activation of aromatic CH bonds by
metal complexes has paved the way for the synthesis and functionalization of wide variety
of organic compounds.2 It has proven to be one of the great achievements of modern
organometallic chemistry.3
Despite being so widely studied, there are still very few examples of multiple
oxidative addition of CH bonds of unsubstituted arenes to metal complexes.4 The reaction
of Os3(CO)10(NCMe)2 with C6H6 is known to yield the ortho-dimetallated benzene or
“benzyne” complex Os3(CO)9(3-2-C6H4)(-H)2 complex by the activation to two
adjacent CH bonds of the benzene molecule, Scheme 2.1.4a
We recently reported that a second triosmium carbonyl cluster grouping could be
added to the furyne ligand in the triosmium cluster complex Os3(CO)9(µ3,η2-C4H2O)(µH)2 to form the bis-triosmium furdiyne complex Os3(CO)9(µ-H)2(µ3-η2-2,3-µ3-η2-4,5C4O)Os3(CO)9(µ-H)2 which has formally undergone a total of four CH bond activations on
the one furan ring which serves as a bridge between the two triosmium clusters, see Scheme
2.2.5 The furdiyne ring subsequently undergoes ring opening and decarbonylation when
the complex is heated.
In recent studies, we have obtained the remarkable dirhenium complex
Re2(CO)8(-C6H5)(-H), 2.1 from the reaction of Re2(CO)8(-1-C6H5)(-AuPPh3) with
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HSnPh3, Scheme 2.3.6 Compound 2.1 contains a bridging 1-phenyl ligand and a bridging
hydrido ligand across the one and only Re – Re bond in the complex.
Interestingly, compound 2.1 reductively eliminates benzene and readily reacts by
CH activation with other arenes, e.g. naphthalene, and even benzene itself to undergo arene
readdition by oxidative-addition, e.g. Re2(CO)8(-C10H7)(-H), 2.2 for naphthalene,
Scheme 2.4.7 In 2016, we worked out the mechanism for the binuclear oxidative addition
of the activation of an aromatic CH bond of benzene to the dirhenium octacarbonyl group.7
In this report, the first two examples of a double CH activations in naphthalene by
two sequential oxidative additions of the dirhenium complex 2.1 to its aromatic CH bonds
are

presented.

There

are

two

isomers,

Re2(CO)8(µ-H)(µ-η2-1,2-µ-η2-3,4-

C10H6)Re2(CO)8(µ-H), 2.4, and Re2(CO)8(µ-H)(µ-η2-1,2-µ-η2-5,6-C10H6)Re2(CO)8(µ-H),
2.5. Compound 2.4 contains two - coordinated Re2(CO)8 groups on one and the same
ring of the naphthalene ligand, one at the 1,2-position and the other at the 3,4-position.
Compound 2.5 contains two - coordinated Re2(CO)8 groups, one on each of the two
rings of the naphthalene ligand. Similar products were obtained for the reaction of 2.1 with
anthracene, but we have taken the reactions of 2.1 with anthracene an important step further
by adding four Re2(CO)8 groups to it to yield the quadruply-CH activated anthracentetrayl
complex [Re2(CO)8(µ-H)]4(µ-η2-1,2-µ-η2-3,4-µ-η2-5,6-µ-η2-7,8-C14H6). A preliminary
report of this work has been published.8

2.2 Experimental Data
General Data
All reactions were performed under a nitrogen atmosphere by using the standard
Schlenk glassware techniques. Reagent grade solvents were dried by the standard
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procedures and were freshly distilled prior to use. Infrared spectra were recorded on a
Nicolet IS10 Midinfrared FT-IR spectrophotometer. 1H NMR and 13C NMR were recorded
on a on Bruker Advance III-HD spectrometer operating at 300 and 400MHz respectively.
Mass spectrometric (MS) measurements performed by a direct-exposure probe by using
electron impact ionization (EI) were made on a VG 70S instrument. Re2(CO)10 and
anthracene were obtained from STREM and Sigma Aldrich and were used without further
purification. Re2(CO)8(μ-C6H5)(μ-H), 2.1 was prepared according to the previously
reported procedure.6 Re2(CO)8(µ-H)(µ-η2-1,2-C10H7), 2.2, was synthesized as previously
reported.7 Product separations were performed by TLC in air on Analtech 0.25 and 0.5 mm
silica gel 60 Å F254 glass plates.
Preparation of [Re2(CO)8(µ-H)](µ-1,µ-3-C6H4)[Re2(CO)8(µ-H)], 2.3.8
25.0 mg (0.0371 mmol) of 2.1 was dissolved in 1.6 mL CD2Cl2 in a 5 mm NMR
tube. The NMR tube was evacuated and filled with N2 gas. The NMR tube was then
allowed to sit for 24 h at 40 oC. A 1H NMR spectrum obtained after this period showed
new hydride resonance at  = -12.27. The contents were then put into a flask and the solvent
was removed in vacuo. The residue was extracted in CH2Cl2 and separated by TLC by
using hexane to give a yellow band of 12.0 mg of [Re2(CO)8(µ-H)](µ-1,µ-3C6H4)[Re2(CO)8(µ-H)], 2.3, 51% yield. Spectral data for 2.3: IR νCO (cm-1 in CH2Cl2):
2107(w), 2085(m), 2020(vs), 1993(sh), 1969(sh), 1958(s). 1H NMR (CD2Cl2,  in ppm)
8.68 (s, 1H, H2, 4J = 1.5 Hz), 8.06-8.09 (d-d, 2H, H4, H6, 3J = 7.2 Hz, 4J = 1.5 Hz), 7.057.10 (t, 1H, H5, 3J = 7.2 Hz), -12.27 (s, 2H, H1, H3, hydride). 13C NMR (CD2Cl2, 100.66
MHz, in ppm): 186.28, 184.47, 184.11, 180.94, 175.59, 147.18, 128.88, and 124.56. 13C
NMR (CD2Cl2, DEPT, 100.66 MHz, in ppm): 175.59, 147.18 and 128.88. Mass Spec.
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EI/MS m/z: 1272. Elemental analysis: Calculated for Re4O16C22H6: C, 20.79%; H, 0.48%.
Found: C, 21.68%; H, 0.47%.
Reaction of Re2(CO)8(μ-C6H5)(μ-H), 2.1 with naphthalene.
A 50.0 mg (0.074 mmol) amount of 2.1 and 3.0 mg (0.0234 mmol) of naphthalene,
C10H8, were dissolved in dissolved in 1.6 mL CD2Cl2 in a 5 mm NMR tube. The NMR tube
was evacuated and filled with nitrogen. The NMR tube was then allowed to stand for 24 h
at 40 oC. A 1H NMR spectrum obtained after this period showed new hydride resonances.
The contents were then put into a flask and solvent was removed in vacuo. The residue was
extracted in CH2Cl2 and separated by TLC by using hexane to give a yellow band of 20.0
mg of [Re2(CO)8(µ-H)](µ-η2-1,2-µ-η2-3,4-C10H6)[Re2(CO)8(µ-H)], 2.4, 41% yield as
major product and yellow band of 5.0 mg of [Re2(CO)8(µ-H)](µ-η2-1,2-µ-η2-5,6C10H6)[Re2(CO)8(µ-H)], 2.5, 10% yield along with 3.0 mg of compound 2.3, 6% yield and
7.0 mg of known compound Re2(CO)8(µ-H)(µ-η2-1,2-C10H7), 2.2, 13% yield. Spectral data
for 2.4: IR νCO (cm-1 in CH2Cl2): 2108(m), 2084(s), 2023(vs), 1991(sh), 1976(s), 1959(sh).
1

H NMR (CD2Cl2,  in ppm) 8.19-8.22 (m, 1H), 7.81-7.84 (m, 1H), 7.62-7.65 (m, 2H),

7.52 (s, 1H), 6.90 (s, 1H), -13.10 (s, 1H, hydride) and -13.63 (s, 1H, hydride). Mass Spec.
EI/MS m/z: 1322, M+, 1238, M+-3CO. Spectral data for 2.5: IR νCO (cm-1 in CH2Cl2):
2110(m), 2084(s), 2023(vs), 1991(sh), 1969(s), 1961(sh). 1H NMR (CD2Cl2,  in ppm)
8.34-8.36 (d, 2H, H4, H8, 3J = 8.4 Hz), 7.56-7.58 (d, 2H, H3, H7, 3J = 8.4 Hz), 7.20 (s, 2H,
H1, H5, 3J = 8.4 Hz), -12.66 (s, 2H, H2, H6, hydride).
Preparation of 2.4 and 2.5 from the reaction of 2.1 with 2.2.
30.0 mg (0.0445 mmol) of 2.1 and 20.0 mg (0.0276 mmol) of 2.2 were dissolved
in dissolved in 1.6 mL CD2Cl2 in a 5 mm NMR tube. The NMR tube was evacuated and
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filled with nitrogen. The NMR tube was then allowed to sit for 24 h at 40 oC. A 1H NMR
spectrum obtained after this period showed the hydride resonances of 2.4 and 2.5. The
contents were then put into a flask and solvent was removed in vacuo. The residue was
dissolved in CH2Cl2 and separated by TLC by using hexane solvent to give in order of
elution, a yellow band of 2.4, 17.0 mg, 47% yield and a yellow band of 2.5 3.0 mg, 8%
yield.
Reaction of 2.1 with anthracene in 1 / 2 ratio.
30.0 mg (0.0445 mmol) of 2.1 and 14.0 mg (0.078 mmol) of anthracene, C14H10,
were dissolved in 15 mL of methylene chloride. The solution was then heated to reflux for
15 h. The solution was then cooled, and the solvent was removed in vacuo. The residue
was redissolved in CH2Cl2 and separated by TLC by using hexane solvent to yield a yellow
band of Re2(CO)8(µ-H)(µ-η2-1,2-C14H9), 2.6, 25.0 mg (73% yield). Spectral data for 2.6:
IR νCO (cm-1 in CH2Cl2): 2111(m), 2083(s), 2016(vs), 1989(s), 1969(vs), 1954(sh). 1H
NMR (CD2Cl2, 300 MHz,  in ppm): 8.51 (s, 1H, H9), 8.31 (s, 1H, H10), 8.09-8.12 (d-d,
1H, H8, 3J = 6.3 Hz, 4J =3.3 Hz), 8.04-8.07 (d-d, 1H, H5, 3J = 6.3 Hz, 4J =3.3 Hz), 8.028.05 (d, 1H, H4, 3J = 8.7 Hz), 7.57-7.60 (d-d, 2H, H6, H7, 3J = 6.6 Hz, 4J =3.3 Hz), 7.437.46 (d, 1H, H3, 3J = 8.7 Hz), -13.02 (s, 1H, H2, hydride).
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C NMR (CD2Cl2, 100.66

MHz, in ppm): 186.05, 185.02, 183.66, 181.52, 146.77, 135.13, 132.72, 132.49, 130.56,
129.85, 128.18, 128.12, 127.94, 126.98, 126.61, 126.50, 126.16, and 113.02.
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C NMR

(CD2Cl2, DEPT, 100.66 MHz, in ppm): 146.77, 128.18, 128.12, 127.94, 126.98, 126.61,
126.50, 126.16, and 113.02. Mass Spec. EI/MS m/z: 774, M+, 718, M+-2CO.
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Reaction of 2.1 with anthracene in a 3/1 ratio.
62.4 mg (0.0927 mmol) of 2.1 and 6.0 mg (0.033 mmol) of anthracene were
dissolved in 1.6 mL CD2Cl2 in a 5 mm NMR tube. The NMR tube was evacuated and filled
with nitrogen gas. The NMR tube was then heated to 40 oC for 24 h. A 1H NMR spectrum
obtained after this period showed three new hydride resonances at  = -13.15, -13.68 and 12.94 in addition to the one of 2.6. The contents were then transferred to a flask and solvent
was removed in vacuo. The residue was then dissolved in CH2Cl2 and separated by TLC
by using hexane solvent to give in order of elution: a yellow band of 15.0 mg of
[Re2(CO)8(µ-H)](µ-η2-1,2-µ-η2-3,4-C14H8)[Re2(CO)8(µ-H)], 2.7, 24% yield and a yellow
band of 30.0 mg of [Re2(CO)8(µ-H)](µ-η2-1,2-µ-η2-5,6-C14H8)[Re2(CO)8(µ-H)], 2.8, 47%
yield along with 5.0 mg of 2.6, 7% yield and 10.0 mg of compound 2.3, 17% yield. Spectral
data for 2.7: IR νCO (cm-1 in CH2Cl2): 2108(m), 2083(s), 2023(vs), 1990(sh), 1976(s),
1958(sh). 1H NMR (CD2Cl2,  in ppm) 8.67 (s, 1H, H9), 8.28 (s, 1H, H10), 8.06-8.09 (dd, 2H, H5, H8, 3J = 6.3 Hz, 4J =3.3 Hz), 7.60-7.63 (d-d, 1H, H6, H7, 3J = 6.3 Hz, 4J =3.3
Hz), 7.43 (s, 1H, H3), 7.02 (s, 1H, H1), -13.15 (s, 1H, H2, hydride), -13.68 (s, 1H, H4,
hydride).
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C NMR (CD2Cl2, 100.66 MHz, in ppm): 149.12, 141.49, 139.04, 135.87,

135.84, 133.36, 132.47, 128.54, 127.77, 127.49, 127.20, 126.85, 125.72 and 105.69. 13C
NMR (CD2Cl2, DEPT, 100.66 MHz, in ppm): 135.87, 128.54, 127.77, 127.49, 127.20,
126.85, 125.72 and 105.69. Mass Spec. EI/MS m/z: 1372, M+, 1344, M+-CO. Elemental
analysis (mass %) Calculated for Re4O16C30H10: C, 26.28; H, 0.74. Found: C, 27.22; H,
1.42. Spectral data for 2.8: IR νCO (cm-1 in CH2Cl2): 2110(m), 2084(s), 2019(vs), 1990(sh),
1970(s), 1958(sh). 1H NMR (CD2Cl2,  in ppm) 8.40 (s, 2H, H9, H10), 8.16-8.18 (d, 2H,
H3, H7, 3J = 8.7 Hz), 7.53-7.55 (d, 2H, H4, H8, 3J = 8.7 Hz), 7.33 (s, 2H, H1, H5), -12.95
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(s, 2H, H2, H6, hydride). Elemental analysis (mass %) Calculated for Re4O16C30H10: C,
26.28; H, 0.74. Found: C, 26.00; H, 0.80.
Preparation of 2.7 and 2.8 from 2.6.
25.0 mg (0.0371 mmol) of 2.1 and 20.0 mg (0.0276 mmol) of 2.6 were dissolved
in dissolved in 1.6 mL CD2Cl2 in a 5 mm NMR tube. The NMR tube was evacuated and
filled with nitrogen. The NMR tube was then allowed to sit for 24 h at 40 oC. A 1H NMR
spectrum obtained after this period showed new hydride resonances. The contents were
then put into a flask and solvent was removed in vacuo. The residue was extracted in
CH2Cl2 and separated by TLC by using hexane to give a yellow band of 10.0 mg of 2.7,
28% yield and 15.0 mg of 2.8, 43% yield. The yield of 2.7 is higher (56%) if the ratio of
1/6 is 1/1.3
Preparation of [Re2(CO)8(µ-H)]4(µ-η2-1,2-µ-η2-3,4-µ-η2-5,6-µ-η2-7,8-C14H6), 2.9
60.0 mg (0.089 mmol) of 2.1 and 3.2 mg (0.0178 mmol) of anthracene were
dissolved in 1.6 mL CD2Cl2 in a 5 mm NMR tube. The NMR tube was evacuated and filled
with nitrogen. The NMR tube was then heated to 40 oC for 24 h. The contents were then
transferred to a flask and solvent was removed in vacuo. The residue was redissolved in
CH2Cl2 and separated by TLC by using hexane solvent to give a yellow band of 3.0 mg of
[Re2(CO)8(µ-H)]4(µ-η2-1,2-µ-η2-3,4-µ-η2-5,6-µ-η2-7,8-C14H6), 2.9, 5% yield along with
12.0 mg of complex 2.3, 22% yield, 15.0 mg of complex 2.7, 24% yield and 20.0 mg of
complex 2.8, 33% yield. Spectral data for 2.9: IR νCO (cm-1 in CH2Cl2): 2110(m), 2084(s),
2020(vs), 1990(sh), 1971(s), 1958(sh). 1H NMR (CD2Cl2,  in ppm) 8.59 (s, 2H, H9, H10),
7.44 (s, 2H, H3, H7), 6.77 (s, 2H, H1, H5), -13.04 (s, 2H, H2, H6, hydride), -13.64 (s, 2H,
H4, H8, hydride).
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Thermolysis of 2.7 at 40 oC.
20.0 mg (0.0146 mmol) of 2.7 was dissolved in dissolved in 1.6 mL CD2Cl2 in a 5
mm NMR tube. The NMR tube was evacuated and filled with nitrogen. The NMR tube
was then heated to 40 oC for 40 h. 1H NMR spectrum taken after 17 h showed hydride
resonances for 2.6, 2.8 and anthracene, after 40 h, all of 2.7 had converted into a mixture
of 2.6, 2.7, 2.8 and anthracene as the principal products. A TLC workup provided the
following amounts of the products: 4.5 mg anthracene, 2.0 mg of compound 2.6, 0.5 mg of
2.7, 0.5 mg of 2.8 and 3.0 mg of Re2(CO)10.
Crystallographic analyses
Yellow single crystals of 2.3, 2.4 and 2.5 suitable for x-ray diffraction analyses
were obtained by slow evaporation of solvent from a solution in pure hexane at 20 °C.
Yellow single crystals of compounds 2.7, 2.8 and 2.9 suitable for x-ray diffraction analyses
was obtained by slow evaporation of a hexane and methylene chloride solvent mixture at
20 °C. Each data crystal was glued onto the end of a thin glass fiber. The raw data frames
were integrated with the SAINT+ program by using a narrow-frame integration
algorithm.13 Correction for Lorentz and polarization effects were also applied with
SAINT+. An empirical absorption correction based on the multiple measurement of
equivalent reflections were applied using the program SADABS. All structures were
solved by a combination of direct methods and difference Fourier syntheses, and refined
by full-matrix least-squares on F2, using the SHELXTL software packages.14 All nonhydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms
were placed in geometrically idealized positions and included as standard riding atoms
during the least-squares refinements. X-ray intensity data from a pale-yellow needle of 2.9
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approximate dimensions 0.02 x 0.03 x 0.28 mm were collected at 100(2) K using a Bruker
D8 QUEST diffractometer equipped with a PHOTON-100 CMOS area detector and an
Incoatec microfocus source (Mo K radiation, l = 0.71073 Å). The data collection consisted
of diffraction images from six 180° ω-scans at different φ settings and two 360° φ-scans at
different ω settings, with an individual image angular width of 0.5°. The crystal-to-detector
distance was 5.0 cm and each image were measured for 20 s. The average reflection
redundancy was 15.7. The raw area detector data frames were reduced, scaled and
corrected for absorption effects using the SAINT15 and SADABS16 programs (Estimated
minimum / maximum transmission =0.0411 / 0.0989). Final unit cell parameters were
determined by least-squares refinement of 9045 reflections in the range 4.937° ≤ 2θ ≤
60.038° taken from the data set. Crystal data, data collection parameters, and results for the
analyses are listed in Table 2.1.

2.3 Results
The simplest of these dirhenium CH activation reactions is the self-condensation of
2.1. When solutions of 2.1 in CH2Cl2 solvent were heated to 40 oC for 24 h, two molecules
of 2.1 were combined with elimination of one equivalent of benzene to yield the new
tetrarhenium complex, Re2(CO)8(μ-H)(μ-η1-1-μ-η1-3-C6H4)Re2(CO)8(μ-H), 2.3 in 51%
yield, see Scheme 2.5. Compound 2.3 was characterized crystallographically and an
ORTEP diagram of its molecular structure is shown in Figure 2.1. The complex contains
two Re2(CO)8(μ-H) groupings bridged by a single C6H4 ligand.
Each Re2(CO)8(μ-H) group in 2.3 is bridged by a single carbon atom of the C6 ring;
one at the C(1) position and the other at the C(3) position. The Re – C bond lengths are
slightly different in length, Re(1)-C(1)=2.224(4) Å, Re(2)-C(1)=2.417(4) Å, Re(3)-
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C(3)=2.424(4) Å, Re(4)-C(3)=2.224(4) Å, and one Re2(CO)8(μ-H) group canted toward
one side of the ring and the other Re2(CO)8(μ-H) group two the other side to give the
molecule and an overall approximate C2 symmetry. The two Re – Re bonds are similar in
length, Re(1)–Re(2)=3.0046(2) Å, Re(3)–Re(4)=3.0240(2) Å and are similar to that found
in 2.1, Re – Re = 2.9924(3) Å.6 Each Re2 group contains a bridging hydrido ligand which
are effectively symmetry by symmetry,  = -12.27, in the 1H NMR spectrum. The C6H4
ring donates only one electron to each HRe2(CO)8 grouping. As a result each HRe2(CO)8
contains only 32 valence electrons which is two less the number required for an
electronically saturated dinuclear metal grouping, i.e. each HRe2(CO)8 grouping is
electronically unsaturated by the amount of two electrons. The C – C bond distances
involving the carbon atoms in the C6H4 ring that are coordinated to a metal atom, C(1)C(2)=1.410(5) Å, C(1)-C(6)=1.431(5) Å, C(2)-C(3)=1.421(5) Å, C(3)-C(4)=1.413(5) Å,
are slightly longer than those that are not bonded to a metal atom, C(4)-C(5)=1.393(6) Å,
C(5)-C(6)=1.367(6) Å. This may be caused by changes in the –bonding in the C6 ring due
to the coordination to the metal atoms. This is illustrated by ADF molecular orbital (MO)
calculations, see Figure 2.2.
As expected, 1H NMR spectrum exhibits three resonances for C6H4 ring:  = 8.68
(d, 1H, 4J = 1.5 Hz), 8.06-8.09 (dd, 2H, 3J = 7.2 Hz, 4J = 1.5 Hz), 7.05-7.10 (t, 1H, H5, 3J
= 7.2 Hz. The substantial deshielding is consistent with the presence of considerable
aromatic character.9 The 13C NMR spectrum exhibits four resonances for the C6H4 ligand,
 = 175.59(1C), 147.18(2C), 128.88(1C), and 124.56(2C). The resonance at 124.56 ppm is
assigned to the metalated carbon atoms C(1) and C(3) as confirmed by their absence in a
DEPT spectrum.
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The reaction of 2.1 with naphthalene in a 3/1 ratio provided two new compounds
(isomers): Re2(CO)8(µ-H)(µ-η2-1,2-µ-η2-3,4-C10H6)Re2(CO)8(µ-H), 2.4, 41% yield and
Re2(CO)8(µ-H)(µ-η2-1,2-µ-η2-5,6-C10H6)Re2(CO)8(µ-H), 2.5 10% yield together with a
13% yield of the known compound 2.2. Both new products were also obtained in similar
yields 2.4, 47% yield and 2.5, 8% yield from the reaction of 2.1 with 2.2. Compounds 2.4
and 2.5 were both characterized structurally by single crystal X-ray diffraction analysis.
Both compounds contain two Re2(CO)8(µ-H) groupings coordinated to a C10H6 ring system
that was formed by the activation of two CH bonds, one CH bond by each Re2(CO)8(µ-H)
grouping.
An ORTEP drawing of its molecular structure of 2.4 is shown in Figure 2.3. Atoms
C1 – C2 of the naphthyl ligand are –bonded to Re1 and atoms C3 and C4 are –bonded
to Re3. C2 is –bonded to Re2 and C4 is –bonded to Re4 which leads to the classical
bridging η2-- coordination mode for each group as typically observed for bridging
alkenyl ligands. The CH bonds were activated at the C2 and C4 positions in the same ring.
Through this – coordination, the naphthyl ligand donates three electrons to each
HRe2(CO)8 grouping and each group has a total of 34 electrons, which is in accord with
the 18-electron rule for each metal atom. Accordingly, the Re – Re bonds in 2.4, Re(1)–
Re(2)=3.0433(2) Å and Re(3)–Re(4)=3.0792(2) Å, are slightly longer than the unsaturated
Re – Re bonds in 2.1, but they are similar to that in 2.2, Re1–Re2=3.0531(3) Å, which has
a similar bridging coordination for its naphthyl ligand.7 As found in naphthalene,
the C1 – C2 and the C3 – C4 bond distances, C(1)-C(2) = 1.398(5) Å, C(3)-C(4) = 1.411(5)
Å are significantly shorter than the C(2)-C(3) = 1.476(5) Å distance.10 The corresponding
distances in naphthalene, the free molecule, are C(1)-C(2) = 1.365(4) Å, C(3)-C(4) =
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1.377(3) Å and C(2)-C(3)=1.425(3) Å.9 The shortness of the bonds at the C(1)-C(2) and
C(3)-C(4) positions is due to a partial localization of the bonding at these sites. The
corresponding C – C distances in the uncoordinated ring in 2.4 are very similar to those in
naphthalene itself, C(5)–C(6) = 1.386(5) Å, C(6)–C(7) = 1.400(5) Å, C(7)–C(8) = 1.375(5)
Å. The hydrido ligands in 4 are inequivalent and two resonances were observed in its 1H
NMR spectrum,  = -13.10 and -13.63.
As in 2.2, the changes in ring bonding may be due to changes in the -bonding
network. This is supported by geometry-optimized ADF DFT MO calculations which show
changes in the -bonding of the complex 2.4 vis-à-vis that of the free molecule. Selected
MOs are shown in Figure 2.4. As can be seen, the -bonding in the rings in the HOMO of
2.4 contain a significant contribution from the HOMO-1 of naphthalene. The HOMO-1 of
2.4 includes a significant contribution from the HOMO of naphthalene, i.e. the bonding of
the Re2 groups to the HOMO in naphthalene is slightly better than that to the HOMO-1.
The coordination of the Re2 groups significantly distorts the –bonding on the rings in the
region of the metal – carbon bonds in both the HOMO and HOMO-1 of 4. The HOMOLUMO gap in 2.4 is 2.77 eV.
An ORTEP drawing of the molecular structure of 2.5 is shown in Figure 2.5. The
molecule is crystallographically centrosymmetrical having Ci molecular symmetry in the
solid state. Atoms C1 and C2 of the naphthdiyl ligand are -bonded to Re1 and Re2 in
the classical bridging - coordination mode as observed in 2.4, i.e. C1 and C2 are
bonded to Re1 and C2 is bonded to Re2. Atoms C1i and C2i are similarly -bonded
Re1i and Re2i. In this compound the CH activations occurred on different rings of the
naphthalene, at the 2- and 6- positions. This distribution of the C – C bond distances is
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similar to that observed in 2.2 and 2.4, C(1)-C(2)=1.406(5) Å, C(2)-C(3)=1.450(5) Å, C(3)C(4)=1.363(5) Å with the uncoordinated bond C(3) – C(4) being the shortest. The
equivalent Re – Re bonds in 2.5 are similar in length, Re(1)–Re(2)=3.0431(2) Å, to those
in 2.4. The hydrido ligands in 2.5 are also equivalent,  = -12.66.
The nature of the -bonding in the ring system in 2.5 was investigated by geometryoptimized ADF DFT MO calculations. The MOs that contain the greatest amounts of bonding in the rings are the HOMO-10, HOMO-13, HOMO-15 and the HOMO-20. These
orbitals are shown in Figure 2.6. The -bonding in the rings in the HOMO-10 of 2.5 contain
is best described as an admixture of the HOMO and HOMO-1 of naphthalene, see Figure
2.4 for the latter MOs. The HOMO-13 of 2.5 is most closely related to the HOMO-1 of
naphthalene. The HOMO-15 of 2.5 is most closely related to the HOMO-2 of naphthalene,
see Figure 2.6 for the latter MO, and the HOMO-20 in 2.5 is very closely related to the
HOMO-5 in naphthalene. The HOMO-LUMO gap in 2.5 is 2.76 eV.
Anthracene has been one of the most difficult ring systems to engage in CH
activation by oxidative-addition to metal complexes. Jones has attributed this to strong 2C-C coordination of the rings to metal atoms.11 However, the reaction of Re2(CO)8(C6H5)(-H), 2.1 with anthracene, C14H10, in a 1/2 ratio proceeds smoothly in CH2Cl2
solvent at reflux (15h) to give the new compound Re2(CO)8(-2-C14H9)(-H), 2.6 in 73%
yield by reductive-elimination of benzene from 2.1 and the oxidative-addition of the CH
bond at the 2-position of the anthracene to the two rhenium atoms of 2.1. An ORTEP
diagram of the molecular structure of 2.6 is shown in Figure 2.7.
Compound 2.6 contains a bridging anthracenyl 2-C14H9 ligand across the Re – Re
bond of a Re2(CO)8(µ-H) group in the classical - coordination mode as previously
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observed for the structure of 2.2.7 CH activation occurred at the 2-position of anthracene
ring. The mechanism of CH activation is believed to be similar to that which was
determined for the formation of 2.2. The C(1)-C(2) bond in 2.6 is -bonded Re(1), Re(1)C(1) = 2.571(3) Å and Re(1)-C(2) = 2.431(4) Å. Atom C(2) is -bonded to Re(2), Re(2)C(2)=2.205(4) Å. The C(1)-C(2) distance, 1.389(5) Å, is similar to that found in 2.2, C(1)–
C(2) =1.403(6) Å. The C2 – C3 and C3 – C4 distances are long and short, C(2)C(3)=1.472(5) Å, C(3)-C(4)=1.337(5) Å, as found in 2.2 and in anthracene itself, 1.428(1)
Å and 1.361(1) Å, respectively.12 The Re – Re bond distance, Re(1)-Re(2) = 3.0450(3) Å,
is also very similar to that found in 2.2, Re(1) – Re(2) = 3.0531(3) Å. The bridging hydrido
ligand was located and refined in the analysis,  = -13.02. We believe that the ability of the
dinuclear Re2 group to engage in -bonding to complement the Re-C -bonding permits
sufficient supplementary stabilization of the complex to drive the reaction through the CH
activation step into the isolable the product 2.6. Complexes containing only one metal atom
will not get this additional form of stablization.11 MO calculations support this notion. The
HOMO of 2.6 and the HOMO of anthracene, the free molecule, are shown in Figure 2.8. It
can be seen that the -bonded HOMO of anthracene serves as the basis for the -bonding
in the region of the rings in the HOMO of 2.6. The nature of the -bonding of ring atom
C2 to the Re2 group is shown in the HOMO-8 of 2.6, also shown in Figure 2.8. This orbital
is strongly correlated to the -bonding HOMO-6 of anthracene.
A most interesting property of the reaction of anthracene with 2.1 is that one can
obtain two equivalents of 2.1 to the anthracene by a series of two CH activations to yield
complexes similar to those obtained from the reaction of 2.1 with naphthalene. The reaction
of 2.1 with anthracene, C14H10, in a 3/1 ratio yielded the new compounds: Re2(CO)8(µ25

H)(µ-η2-1,2-µ-η2-3,4-C14H8)Re2(CO)8(µ-H), 2.7, 24% yield and Re2(CO)8(µ-H)(µ-η2-1,2µ-η2-5,6-C14H8)Re2(CO)8(µ-H), 2.8, 47% yield together with a small amount of 2.6 in 13%
yield. Compounds 2.7 and 2.8 are isomers containing two Re2(CO)8(µ-H) groupings which
differ by the identity of the CH bonds on the anthracene molecule which have been
activated to form them. Compounds 2.7 and 2.8 can also be obtained 28% yield and 43%
yield, respectively, from the reaction of 2.6 with 2.1. Compounds 2.7 and 2.8 were both
characterized structurally by single-crystal X-ray diffraction analyses.
An ORTEP diagram of the molecular structure of 2.7 is shown in Figure 2.9.
Compound 2.7 contains two Re2(CO)8(µ-H) groupings on one and the same external C6H4
rings of the anthracene molecule by CH activation additions at the 2- and 4-positions. The
molecule is very similar to 2.4 except for the replacement of the doubly metalated-naphthyl
group by the three ring anthracen-2,4-diyl ligand. The Re2(CO)8(µ-H) groupings in 2.7 are
inequivalent and two resonances are shown for the two hydrido ligands,  = -13.15(s) and
-13.68(s), in the 1H NMR spectrum. The two -coordinated C – C bonds, C(1)C(2)=1.383(9) Å and C(3)-C(4)=1.403(8) Å are slightly longer than those in anthracene
itself, 1.361(3) Å12, but are similar to the -coordinated C – C bonds in 2.4. Due to a
decrease in -bonding between C(2)-C(3) because of the coordination of the two
neighboring C – C bonds, the C(2)-C(3) bond is the longest of all, 1.474(8) Å; however,
the hydrogen atoms on atoms C1 and C3 remain highly deshielded in the 1H NMR spectrum
of 7,  = 7.02 (s) and 7.43 (s).
ADF DFT molecular orbital calculations were also performed on a geometryoptimized structure of 2.7. The HOMO of 2.7 correlates favorably with the HOMO of
anthracene and shows the nature of the -bonding of anthracene to the two Re2(CO)8(µ-H)
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groupings to the one ring, see Figure 2.10. The HOMO-16 of 2.7 shows Re – C -bonding
from the ring to Re(2) and Re(4). This orbital compares favorably to the -bonding
HOMO-17 of anthracene also shown in Figure 2.10.
An ORTEP diagram of the molecular structure of 2.8 is shown in Figure 2.11.
Compound 2.8 contains two Re2(CO)8(µ-H) groupings on the external C6H4 rings on the
opposite sides of the anthracene molecule. It is similar to 2.5, except for the anthracen2,2’-diyl group located between the two Re2(CO)8(µ-H) groupings, and like 2.5, compound
2.8 is also crystallographically centrosymmetrical. CH activations occurred at the 2- and
6-positions of the anthracene molecule. The Re2(CO)8(µ-H) groupings in 2.8 are equivalent
and only one resonance, a singlet at  = -12.95, appears for the hydrido ligands in its 1H
NMR spectrum. The Re – Re bond distance, Re(1)-Re(2) = 3.0543(18) Å, is similar to
those in 2.5, 2.6 and 2.7. Atoms C1 and C2, C(1)-C(2) = 1.404(4) Å, are -coordinated to
Re1 that lies out of the plane of the ring system, Re(1)-C(1)=2.520(3) Å, Re(1)C(2)=2.456(3) Å. Atom Re2 is -bonded to C2 at a much shorter Re – C bond distance,
Re(2)-C(2)=2.186(3) Å and lies in the plane of the rings. Because of differences in their C
– C -bonding, the uncoordinated C - C bonds on the metalated rings are quite different in
length as expected, C(2)-C(3)=1.460(4) Å and C(3)-C(4)=1.358(4) Å, but these distances
are very similar in length to those found in 2.5.
An ADF DFT molecular orbital analysis of 2.8 was also performed. Selected
bonding MOs for 2.8 that show the nature of the bonding of the two Re2 groups to the
anthracen-2,2’-diyl ligand are shown in Figure 2.12. The arrangement of the ring atomic
orbitals in the HOMO of 2.8 are very closely related to those in the HOMO of anthracene
(see Figure 2.8) and shows the nature of the 2--bonding interactions of the two equivalent
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Re(1) atoms to the rings. The HOMO-6, exhibits an important component of the Re2 to C2
-bonding. The HOMO-11 and HOMO-15 both show combinations of Re(2) – C(2) bonding and Re(1) to C(1) – C(2) -bonding interactions.
When compound 2.7 was heated to 40 oC for 40 h, small amounts of 2.8 were
formed, but the principal products were 2.6, anthracene and Re2(CO)10, presumably by
reductive-eliminations of the CH bonds from the “Re2(CO)8” grouping(s) that lead to these
decomposition products.
The most interesting and unexpected of all of the multiply-CH activated compounds
is the quadruply-metalated compound [Re2(CO)8(µ-H)]4(µ-η2-1,2-µ-η2-3,4-µ-η2-5,6-µ-η27,8-C14H6), 2.9 which was obtained in only 5% from the reaction of 2.1 with anthracene in
a 5/1 ratio after 24 h at 40 oC in methylene chloride solvent. Significant amounts 2.7, 24%
yield and 2.8, 33% yield were also obtained from this reaction. The molecular structure of
2.9 was confirmed by a single-crystal X-ray diffraction analysis and an ORTEP diagram
of its molecular structure is shown in Figure 2.13.

Compound 2.9 contains four

Re2(CO)8(µ-H) groupings on the two external C6H4 rings of the bridging anthracen2,2’,4,4’-tetrayl ligand with two Re2(CO)8(µ-H) groupings on each ring. Like 2.8,
compound 2.9 is also crystallographically centrosymmetrical in the solid state. CH bond
activations occurred at the 2-, 2’-, 4- and 4’-positions of the anthracene molecule. One half
of the molecule is very similar to that of 2.7 which has CH bond activations at the 2-, 4positions on a single ring. One can then generate the second half of the molecule by adding
a center of symmetry. The four Re2(CO)8(µ-H) groups are grouped into two equivalent
sets. Each set exhibits a single resonance for its equivalent hydrido ligands that bridge the
Re – Re bonds,  = -13.04 (s, 2H) and -13.64 (s, 2H). The Re – Re bonds distances in the
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two sets are similar, Re(1)-Re(2)=3.0393(4) Å, Re(3)-Re(4)=3.0221(4) Å, and similar to
those in in 2.7 and 2.8. Each Re2(CO)8(µ-H) group is - coordinated to a pair of carbon
atoms in the ring system. Re(1) is -bonded to C(1) and C(2), Re(1)-C(1)=2.520(7) Å and
Re(1)-C(2)=2.429(6) Å and Re(3) is -bonded to C(3) and C(4), Re(3)-C(3)=2.543(7) Å,
Re(3)-C(4)=2.438(7) Å. Re(2) and Re(4) are -bonded to C(2) and C4, respectively, with
much shorter Re – C bond distances, Re(2)-C(2)=2.202(6) Å and Re(4)-C(4)=2.216(7) Å.
The -coordinated C – C bonds are similar in length, C(1)-C(2)=1.388(9) Å, C(3)C(4)=1.417(9) Å to those in 2.7 and 2.8. The uncoordinated C – C bond, C(2)-C(3), is very
long at 1.472(10) Å, as expected, due the diminished C – C -bonding between these atoms.
An ADF DFT molecular orbital analysis in 2.9 was performed and selected bonding
MOs for 2.9 are shown in Figure 2.14. The ring orbitals in the HOMO of 2.9 are most
closely related to the HOMO-1 of anthracene itself. This MO shows the nature of the bonding of the Re(1) atoms to the C(1) and C(2) carbon atoms. The ring orbitals in the
HOMO-1 of 2.9 are most closely related to the HOMO of anthracene and show the nature
of the -bonding of the Re(3) atoms to the C(3) and C(4) carbon atoms. The HOMO-5
shows -bonding between the metal atoms Re(2), Re(2i), Re(4) and Re(4i) and their
attached carbon atoms C(2), C(2i), C(4) and C(4i). The ring component of the HOMO-5 is
most closely related to the -bonding HOMO-14 orbital in anthracene itself. The lower
lying HOMO-16 of 2.9 shows some of the Re – C -bonding character to Re(2) - C(2),
Re(2i) - C(2i), Re(4) – C(4) and Re(4i) – C(4i). This orbital contains a significant amount
of Re - C -bonding character and is strongly correlated to the -bonding HOMO-17 of
the anthracene molecule which is displayed in Figure 2.10. There is relatively little bonding to the metal atoms Re1 and Re3. The HOMO-28 shows -bonding interactions of
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Re(2) and Re(2i) with atoms C(2) and C(2i). The ring orbitals in this orbital correspond
nicely with the -bonding HOMO-6 of anthracene (shown in Figure 2.8). The HOMOLUMO gap for 2.9 is 2.47 eV.

2.4. Conclusions
A summary of the reactions and products described in this report are shown in
Schemes 2.5, 2.6 and 2.7. In this report, the first examples of multiple CH activations in
benzene, naphthalene and anthracene have been presented. Compound 2.1 was found to
react with itself by the elimination of one equivalent of benzene to yield the doubly
metalated compound 2.3 having meta-related Re2(CO)8H groups. The reaction of 2.2 with
2.1 yields two isomers of doubly CH-activated naphathalene complexes, 2.4 and 2.5.
Compound 2.4 contains two - coordinated Re2(CO)8 groups on one and the same ring
of the naphthalene ligand, one at the 1,2-position and the other at the 3,4-position.
Compound 2.5 contains two - coordinated Re2(CO)8H groups, one on each of the rings
of the naphthalene ligand at the 1,2- and 5,6-positions of the naphthalene ligand.
Compound 2.1 reacts with anthracene to yield the mono-CH activated compound
2.6, Scheme 2.7, but goes on to yield two doubly-CH activated products, 2.6 and 2.7 that
are similar to 2.4 and 2.5 and also yields a small amount of the tetra-CH activated product
2.9 when there is a sufficient excess of 2.1 in the reaction mixture.
All of the multiply-metalated arene complexes exhibit strong -bonding to the
metal atoms at the CH activation sites with important supplementary -bonding
interactions to the second metal atom in each Re2 group, with the exception for the doublymetalated benzene complex 2.3. The supplementary -bonding brings the valence electron
count for the Re2 groups up to 34 electrons in accord with the 18-electron rule/metal atom.
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The lack of -bonding to the metal atoms in 2.3 may be due to a greater degree of delocalization on the single C6 ring of benzene which may in turn make the -bonding to
the metal atoms less favorable compared to the polycyclic ring compounds, naphthalene
and anthracene. Thus, the valence electron count for the Re2 groups in 2.3 is only 32
electrons and both of these Re2 groupings are formally unsaturated. It is anticipated that
multiple aromatic CH activation products as represented by compounds 2.3 – 2.5 and 2.7
– 2.9 will open the door to new pathways for the “multiple” functionalization of aromatic
ring systems.
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Table 2.1. Crystallographic Data for Compounds 2.3 - 2.5
Compound
2.3
2.4
2.5
Empirical
Re4O16C22H6
Re4O16C26H8
Re4O16C22H6
formula
Formula
1271.07
1321.12
1239.07
weight
Crystal system Triclinic
Triclinic
Monoclinic
Lattice
parameters
a (Å)
8.8829(3)
8.4047(3)
14.6327(5)
b (Å)
11.4074(4)
11.5141(5)
8.9569(3)
c (Å)
15.4729(5)
16.8411(7)
24.1799(18)
α (deg)
86.520(10)
109.760(2)
90
β (deg)
80.180(10)
92.532(2)
106.430(10)
γ (deg)
67.418(10)
102.400(2)
90
V (Å3)
1426.44(8)
1485.87(10)
3039.70(18)
Space group
P-1
P-1
C2/c
Z value
2
2
4
3
ρcalc (g/cm )
2.959
2.953
2.708
μ (Mo Kα) 16.99
16.317
15.937
-1
(mm )
Temperature
301(2)
100(2)
100(2)
(K)
2θmax(°)
56.62
60.18
60.20
No.
Obs. 7112
8727
4478
(I>2σ(I))
No. Parameters 387
424
212
Goodness of fit 1.112
1.041
1.212
(GOF)
Max.
0.002
0.002
0.01
shift/error on
final cycle
Residuals*:
0.0211; 0.0422 0.0226; 0.0329 0.0205; 0.0390
R1; wR2
Absorption
Multi-Scan
Multi-Scan
Multi-Scan
Corr., Max/min 0.4604/0.2545
0.2980/0.1727
0.1716/0.0872
Largest peak in 1.209
0.956
0.774
Final Diff. Map
(e-/ Å3)
a
R = hkl(Fobs-Fcalc)/hklFobs; Rw = [hklw(Fobs-Fcalc)2/hklwF2obs]1/2; w
= 1/2(Fobs); GOF = [hklw(Fobs-Fcalc)2/(ndata – nvari)]1/2.
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Table 2.2. Crystallographic Data for Compounds 2.6 - 2.9.
Compound
2.6
2.7
2.8
2.9
Empirical
Re2O8C22H10
Re4O16C30H10 Re4O16C30H10 Re8O32Cl2C47H10
formula
Formula
774.70
1371.18
1371.18
2647.05
weight
Crystal
Monoclinic
Monoclinic
Triclinic
Monoclinic
system
Lattice
parameters
a (Å)
13.5703(6)
9.3222(4)
8.6699(3)
17.3695(7)
b (Å)
13.8800(6)
17.8131(8)
8.7057(3)
9.2110(4)
c (Å)
11.6405(5)
21.1743(9)
12.5081(5)
19.6782(8)
α (deg)
90.000
90.000
75.118(10)
90
β (deg)
95.129(10)
101.801(10)
78.274(10)
109.393(2)
γ (deg)
90.000
90.000
64.698(10)
90
3
V (Å )
2183.78(16)
3441.8(3)
820.15(5)
2969.7(2)
Space group
P21/c
P21/n
P-1
P2/n
Z value
4
4
1
2
ρcalc (g/cm3)
2.356
2.646
2.776
2.960
μ (Mo Kα) 11.122
14.094
14.786
16.415
(mm-1)
Temperature
302(2)
100(2)
100(2)
100(2)
(K)
2θmax(°)
55.34
56.52
65.30
60.04
No.
Obs. 5151
8551
5989
8721
(I>2σ(I))
No.
293
459
231
413
Parameters
Goodness of 1.056
1.052
1.070
1.089
fit (GOF)
Max.
0.002
0.002
0.002
0.003
shift/error on
final cycle
Residuals*:
0.0233;
0.0373;
0.0216;
0.0367; 0.0716
R1; wR2
0.0385
0.0931
0.0528
Absorption
Multi-Scan
Multi-Scan
Multi-Scan
Multi-Scan
Corr.,
0.7314/0.3050 1.000/0.572
0.1595/0.0317 0.0989/0.0411
Max/min
Largest peak 1.064
2.486
2.578
3.976
in Final Diff.
Map (e-/Å3)
a
R = hkl(Fobs-Fcalc)/hklFobs; Rw = [hklw(Fobs-Fcalc)2/hklwF2obs]1/2; w
= 1/2(Fobs); GOF = [hklw(Fobs-Fcalc)2/(ndata – nvari)]1/2.
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Figure 2.1. An ORTEP diagram of the molecular structure of Re2(CO)8(µ-H)(µ-1,µ-3C6H4)Re2(CO)8(µ-H), 2.3, showing 15% thermal ellipsoid probability. Selected
interatomic bond distances (Å) are as follow: Re(1)–Re(2)=3.0046(2), Re(3)–
Re(4)=3.0240(2), Re(1)-H(1)=1.85(5), Re(2)-H(1)=1.89(5), Re(3)-H(3)=1.92(5), Re(4)H(3)=1.72(5), Re(1)-C(1)=2.224(4), Re(2)-C(1)=2.417(4), Re(3)-C(3)=2.424(4), Re(4)C(3)=2.224(4), C(1)-C(2)=1.410(5), C(2)-C(3)=1.421(5), C(1)-C(6)=1.431(5), C(3)C(4)=1.413(5), C(4)-C(5)=1.393(6), C(5)-C(6)=1.367(6).
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Figure 2.2. Selected molecular orbitals in compound 2.3 that show the most significant
amounts of the -bonding in the C6 ring system. ISO value is 0.03. The MO name and its
energy in eV are given under the drawing of the corresponding orbital. Atom color code:
Orange = Re, Gray = C, Red = O, White = H.
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Figure 2.3. An ORTEP diagram of the molecular structure of [Re2(CO)8(µ-H)](µ-η2-1,2µ-η2-3,4-C10H6)[Re2(CO)8(µ-H)], 2.4, showing 50% thermal ellipsoid probability.
Selected interatomic bond distances (Å) are as follow: Re(1)–Re(2)=3.0433(2), Re(3)–
Re(4)=3.0792(2), Re(1)-H(2)=1.88(4), Re(2)-H(2)=1.92(4), Re(3)-H(4)=1.78(4), Re(4)H(4)=1.88(4), Re(1)-C(1)=2.526(3), Re(1)-C(2)=2.474(3), Re(2)-C(2)=2.201(3), Re(3)C(3)=2.482(3), Re(3)-C(4)=2.489(3), Re(4)-C(4)=2.219(3), C(1)-C(2)=1.398(5), C(2)C(3)=1.476(5), C(3)-C(4)=1.411(5), C(5) – C(6) =1.386(5) , C(6) – C(7) =1.400(5) ,
C(7) – C(8) =1.375(5).
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Figure 2.4. Selected molecular orbitals for compound 2.4 (HOMO and HOMO-1 on the
left) and for comparison for naphthalene (HOMO and HOMO-1 on the right) that show
significant amounts of the -bonding in the ring systems. ISO value is 0.05. The MO
name and its energy in eV are given under the drawing of the corresponding orbital.
Atom color code: Orange = Re, Gray = C, Red = O, White = H.
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Figure 2.5. An ORTEP diagram of the molecular structure of [Re2(CO)8(µ-H)](µ-η2-1,2µ-η2-5,6-C10H6)[Re2(CO)8(µ-H)], 2.5, showing 50% thermal ellipsoid probability.
Selected interatomic bond distances (Å) are as follow: Re(1)–Re(2)=3.0431(2), Re(1)H(2)=1.93(4), Re(2)-H(2)=1.87(4), Re(1)-C(1)=2.578(3), Re(1)-C(2)=2.448(3), Re(2)C(2)=2.201(3), C(1)-C(2)=1.406(5), C(2)-C(3)=1.450(5), C(3)-C(4)=1.363(5).
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Figure 2.6. Selected molecular orbitals in compound 2.5 (center and left hand side) and
for comparison the naphthalene (HOMO-2 and HOMO-5, far right hand side) that show
significant contributions of -bonding in the ring systems. ISO value is 0.05. The MO
name and its energy in eV are given under the drawing of the corresponding orbital.
Atom color code: Orange = Re, Gray = C, Red = O, White = H.
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Figure 2.7. An ORTEP diagram of the molecular structure of Re2(CO)8(µ-H)(µ-η2-1,2C14H9), 2.6, showing 25% thermal ellipsoid probability. Selected interatomic bond
distances (Å) are as follow: Re(1)-Re(2)=3.0450(3), Re(1)-H(2)=1.84(5), Re(2)H(2)=1.76(5), Re(1)-C(2)=2.431(4), Re(1)-C(1)=2.571(3), Re(2)-C(2)=2.205(4), C(1)C(2)=1.389(5), C(1)-C(11)=1.446(5), C(2)-C(3)=1.472(5), C(3)-C(4)=1.337(5), C(4)C(12)=1.429(5), C(11)-C(12)=1.423(5).
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Figure 2.8. Selected molecular orbitals for compound 2.6 (HOMO far left and HOMO-8
second from right) and for anthracene (HOMO second from left and HOMO-6 far right).
ISO value is 0.05. The MO name and its energy in eV are given under the drawing of the
corresponding orbital. Atom color code: orange = Re, gray = C, red = O, white = H.
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Figure 2.9. An ORTEP diagram of the molecular structure of [Re2(CO)8(µ-H)](µ-η2-1,2µ-η2-3,4-C14H8)[Re2(CO)8(µ-H)], 2.7, showing 25% thermal ellipsoid probability.
Selected interatomic bond distances (Å) are as follow: Re(1)-Re(2)=3.0566(4), Re(1)H(2)=1.92(7), Re(2)-H(2)=1.65(8), Re(3)-H(4)=1.81(6), Re(4)-H(4)=1.80(6), Re(1)C(1)=2.500(6), Re(1)-C(2)=2.463(6), Re(2)-C(2)=2.202(6), Re(3)-Re(4)=3.0484(3),
Re(3)-C(3)=2.519(6), Re(3)-C(4)=2.462(6), Re(4)-C(4)=2.217(5), C(1)-C(2)=1.383(9),
C(1)-C(11)=1.459(8), C(2)-C(3)=1.474(8), C(3)-C(4)=1.403(8), C(4)-C(12)=1.470(8),
C(11)-C(12)=1.428(8).
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Figure 2.10. Selected MOs: HOMO (far left side) and HOMO-16 (second from the right
side) for compound 2.7 and the HOMO (second from the left side) and HOMO-16 (far
right side) for the anthracene ring system. The MO name and its energy in eV are given
under the drawing of the corresponding orbital. ISO value is 0.05. Atom color code:
orange = Re, gray = C, red = O, white = H.
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Figure 2.11. An ORTEP diagram of the molecular structure of [Re2(CO)8(µ-H)](µ-η21,2-µ-η2-5,6-C14H8)[Re2(CO)8(µ-H)], 2.8, showing 50% thermal ellipsoid probability.
Selected interatomic bond distances (Å) are as follow: Re(1)-Re(2)=3.0543(18), Re(1)H(2)=1.88(6), Re(2)-H(2)=1.85(6), Re(1)-C(2)=2.456(3), Re(1)-C(1)=2.520(3), Re(2)C(2)=2.186(3), C(1)-C(2)=1.404(4), C(2)-C(3)=1.460(4), C(3)-C(4)=1.358(4).
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Figure 2.12. Selected MOs for compound 2.8 with their energies. The MO name and its
energy in eV are given under the drawing of the corresponding orbital. ISO value is 0.05.
Atom color code: orange = Re, gray = C, red = O, white = H.
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Figure 2.13. An ORTEP diagram of the molecular structure of [Re2(CO)8(µ-H)]4(µ-η21,2-µ-η2-3,4-µ-η2-5,6-µ-η2-7,8-C14H6), 2.9 showing 30% thermal ellipsoid probability.
Re(1)-Re(2)=3.0393(4), Re(1)-H(2)=1.80(2), Re(2)-H(2)=1.80(2), Re(3)-H(4)=1.78(4),
Re(4)-H(4)=1.88(4), Re(1)-C(1)=2.520(7), Re(1)-C(2)=2.429(6), Re(2)-C(2)=2.202(6),
Re(3)-Re(4)=3.0221(4), Re(3)-C(3)=2.543(7), Re(3)-C(4)=2.438(7), Re(4)C(4)=2.216(7), C(1)-C(2)=1.388(9), C(1)-C(11)=1.445(9), C(2)-C(3)=1.472(10), C(3)C(4)=1.417(9), C(4)-C(12)=1.479(9), C(11)-C(12)=1.424(9).
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Figure 2.14. Drawing of the geometry-optimized structure (upper left side) and selected
molecular orbitals for compound 2.9. ISO value is 0.05. The MO name and its energy in
eV are given under the drawing of the corresponding orbital. Atom color code: orange =
Re, gray = C, red = O, white = H.
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Scheme 2.1 Activation to two adjacent CH bonds of the benzene molecule.

Scheme 2.2 A schematic of the synthesis of the compound Os3(CO)9(µ-H)2(µ3-η2-2,3-µ3η2-4,5-C4O)Os3(CO)9(µ-H)2 from Os3(CO)9(µ3,η2-C4H2O)(µ-H)2.
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Scheme 2.3. A schematic of the synthesis of the compound Re2(CO)8(-C6H5)(-H), 2.1.

Scheme 2.4. A schematic of benzene-naphthalene exchange with compound 2.1.

Scheme 2.5. A schematic of the synthesis of the compound 2.3 from 2.1.
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Scheme 2.6 Reactions of 2.1 with naphthalene.

Scheme 2.7 Reactions of 2.1 with anthracene.
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CHAPTER 3
MULTIPLE C-H BOND ACTIVATIONS IN CORANULENE BY A
DIRHENIUM CARBONYL COMPLEX2

2

Adams, Richard D.; Dhull, Poonam; Pennachio, Mathew; Petrukhina, Marina,
manuscript in preparation.
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3.1 Introduction
Bowl-shaped polycyclic aromatic compounds, such as corannulene, have attracted
considerable attention because of their remarkable multi-electron transfer redox properties
and their potential for the storage of electrical charge.1,2 There are several examples of coordinated metal groupings to the rings of corannulenes in both 6- and 2-coordination
modes.3 Metalated corannulenes have been obtained by the oxidation addition of the C –
X, X = halide, bonds of halocorannulenes to Pt(PEt3)4 and related complexes.4 Thompson
has reported the first examples of cyclometalated-platinum and -iridium corannulenes by
using pyridyl-substituted derivatives of corannulene.5
The oxidative addition of aromatic CH bonds to metal complexes has attracted great
interest in recent years.6 It was recently shown that the dirhenium complex Re2(CO)8(C6H5)(-H), 3.1 which contains a bridging 1-phenyl ligand and a bridging hydrido ligand
across its unsaturated Re – Re bond7 will eliminate benzene under very mild conditions
and then react with other arenes by binuclear oxidative addition of C-H bonds to yield new
dirhenium complexes containing bridging aryl ligands, see Scheme 3.1.8 In 2016, the
mechanism for the binuclear oxidative addition for the activation of an aromatic CH bond
of benzene to the dirhenium octacarbonyl group of 3.1 was established by a density
functional theory analysis.8
In very recent studies we have shown that 1 can undergo reductive elimination of
benzene and undergo multiple CH activations to anthracene in the presence of an excess of
3.1.9
We have now investigated the reactions of corannulene, C20H10, with 3.1 and have
obtained not only the first example of direct aromatic CH bond activation in this molecule,
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but we have also obtained three isomeric doubly-metalated corannulenes by the oxidative
addition of two CH bonds to corannulene. These results are reported herein.

3.2 Experimental section
General data
All reactions were performed under a nitrogen atmosphere by using the standard
Schlenk glassware techniques. Reagent grade solvents were dried by the standard
procedures and were freshly distilled prior to use. Infrared spectra were recorded on a
Nicolet IS10 Midinfrared FT-IR spectrophotometer. 1H NMR and 13C NMR were recorded
on a on Bruker Advance III-HD spectrometer operating at 300 and 400MHz, respectively.
Mass spectrometric (MS) measurements performed by a direct-exposure probe by using
electron impact ionization (EI) were made on a VG 70S instrument. Re2(CO)10 was
obtained from STREM and was used without further purification. Corannulene was
prepared by a previously reported method by Marina Petrukhina group from University of
Albany.10 Re2(CO)8(μ-C6H5)(μ-H), 3.1 was prepared according to previously reported
procedure.7 Product separations were performed by TLC in air on Analtech 0.25 or 0.5 mm
silica gel 60 Å F254 glass plates.
Reaction of Re2(CO)8(μ-C6H5)(μ-H), 3.1 with corannulene in 1/2 ratio.
A 25.0 mg (0.037 mmol) amount of 3.1 and 8.0 mg (0.072 mmol) of corannulene,
C20H10, were dissolved in 1.6 mL CD2Cl2 and placed in a 5 mm NMR tube. The NMR tube
was evacuated and filled with nitrogen. The NMR tube was then allowed to heat to 40 oC
for 24 h. A 1H NMR spectrum obtained after this period showed new hydride resonance at
 = -13.44. The contents were then put into a flask and solvent was removed in vacuo. The
residue was extracted in CH2Cl2 and separated by TLC by using hexane to give a yellow
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band of 20.0 mg of Re2(CO)8(µ-H)(µ-η2-1,2-C20H9), 3.2, 65% yield as major product and
a yellow band of 5.0 mg of [Re2(CO)8(µ-H)](µ-1-µ-3-C6H4)[Re2(CO)8(µ-H)] in 21%
yield.9 Spectral data for 3.2: IR νCO (cm-1 in CH2Cl2): 2112(m), 2083(s), 2018(vs),
1989(sh), 1974(s), 1955(sh). 1H NMR (CD2Cl2,  in ppm) 8.02 (d, 1H, 3J = 8.7 Hz), 7.98
(d, 1H, 3J = 8.7 Hz), 7.83-7.92(m, 6H), 6.69(s, 1H), -13.44 (s, 1H, hydride). Mass Spec.
EI/MS m/z: 846, M+, 818, M+-CO, 790, M+-2CO.
Reaction of 3.1 with corannulene in a 3/1 ratio.
A 40.0 mg (0.059 mmol) amount of 3.1 and 5.0 mg (0.02 mmol) of corannulene
were dissolved in 1.6 mL CD2Cl2 and placed in a 5 mm NMR tube. The NMR tube was
evacuated and filled with nitrogen gas. The NMR tube was then heated to 40 oC for 24 h.
A 1H NMR spectrum obtained after this period showed three new hydride resonances at 
= -13.46, -13.49 and -13.50 in addition to the one of 3.2. The contents were then transferred
to a flask and solvent was removed in vacuo. The residue was then dissolved in CH2Cl2
and then separated by TLC by using hexane solvent to give in order of elution: a yellow
band of 15.0 mg of Re2(CO)8(µ-H)(µ- µ-η2-1,2-µ-η2-10,11-C20H8)Re2(CO)8(µ-H), 3.3,
35% yield and another yellow band of 5.0 mg of Re2(CO)8(µ-H)(µ-µ-η2-2,1-µ-η2-10,11C20H8)Re2(CO)8(µ-H), 3.4, 12% yield, yellow band of 5.0 mg of Re2(CO)8(µ-H)(µ-µ-η21,2-µ-η2-11,10-C20H8)Re2(CO)8(µ-H), 3.5, 12% yield along with 10.0 mg of 3.2, 20% yield
and 7.0 mg of [Re2(CO)8(µ-H)](µ-1-µ-3-C6H4)[Re2(CO)8(µ-H)], 19% yield.9 Spectral data
for 3.3: IR νCO (cm-1 in CH2Cl2): 2111(m), 2084(s), 2020(vs), 1991(sh), 1975(s), 1957(sh).
1

H NMR (CD2Cl2,  in ppm) 7.88-8.07(m, 6H), 6.69(s, 2H), -13.46 (s, 1H, hydride) and -

13.50 (s, 1H, hydride). Spectral data for 3.4: IR νCO (cm-1 in CH2Cl2): 2110(m), 2083(s),
2019(vs), 1991(sh), 1976(s), 1956(sh). 1H NMR (CD2Cl2,  in ppm) 8.04(d, 2H, 3J = 8.7
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Hz), 8.07 (d, 2H, 3J = 8.7 Hz), 7.91(s, 2H), 6.71(s, 2H), -13.49 (s, 2H, hydride). Spectral
data for 3.5: IR νCO (cm-1 in CH2Cl2): 2110(m), 2083(s), 2019(vs), 1991(sh), 1974(s),
1957(sh). 1H NMR (CD2Cl2,  in ppm) 8.11(s, 2H), 7.88 (d, 2H, 3J = 7.5 Hz), 7.93 (d, 2H,
3

J = 7.5 Hz), 6.73(s, 2H), -13.46 (s, 2H, hydride).

Preparation of 3.3, 3.4 and 3.5 from reaction of 3.2 with 3.1.
A 25.0 mg (0.037 mmol) amount of 3.1 and 20.0 mg (0.024 mmol) of 3.2 were
dissolved in 1.6 mL CD2Cl2 and placed in a 5 mm NMR tube. The NMR tube was
evacuated and filled with nitrogen. The NMR tube was then heated to 40 oC for 24 h. The
contents were then put into a flask and solvent was removed in vacuo. The residue was
extracted in CH2Cl2 and separated by TLC by using hexane to give a yellow band of 14.0
mg of 3.3, 40% yield , 4.0 mg of 3.4, 15% yield and 5.0 mg of 3.5, 11% yield along with
5.0 mg of [Re2(CO)8(µ-H)](µ-1-µ-3-C6H4)[Re2(CO)8(µ-H)], 20% yield.9
Thermolysis of 3.3 at 40 oC.
10.0 mg (0.007 mmol) of 3.3 was dissolved in 1.6 mL CD2Cl2 and placed in a 5
mm NMR tube. The NMR tube was evacuated and filled with nitrogen and was then heated
to 45 oC for 40 h. A 1H NMR spectrum taken after 40 h showed hydride resonances for 3.2,
3.3, 3.4 and 3.5. Approximately, 90% of the 3.3 had been converted into 3.2. Compounds
3.3, 3.4 and 3.5 were present in the ratio of 4:1:2, respectively, in addition to a small amount
of Re2(CO)8(μ-Cl)(μ-H).
Crystallographic analyses
Yellow single crystals of 3.2, 3.3, 3.4 and 3.5 suitable for x-ray diffraction analyses
were obtained by slow evaporation of solvent from solutions in pure hexane or a mixture
of hexane and benzene at 20 °C in the open air. Each data crystal was glued onto the end
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of a thin fiber. X-ray intensity data for the compounds were measured by using a Bruker
SMART APEX CCD-based diffractometer using Mo Kα radiation (λ = 0.71073Å). The
raw data frames were integrated with the SAINT+ program by using a narrow-frame
integration algorithm.11 Correction for Lorentz and polarization effects were also applied
with SAINT+. An empirical absorption correction based on the multiple measurement of
equivalent reflections were applied using the program SADABS. All structures were
solved by a combination of direct methods and difference Fourier syntheses, and refined
by full-matrix least-squares on F2, using the SHELXTL software packages.12 X-ray
intensity data for compounds 3.2, 3.3 and 3.4 were collected at 100(2) K using a Bruker
D8 QUEST diffractometer equipped with a PHOTON-100 CMOS area detector and an
Incoatec microfocus source (Mo K radiation, l = 0.71073 Å).13 The data collection
consisted of diffraction images from six 180° ω-scans at different φ settings and two 360°
φ-scans at different ω settings, with an individual image angular width of 0.5°. The crystalto-detector distance was 5.0 cm and each image were measured for 20 s.Crystal data, data
collection parameters and results for the analyses are listed in Tables 3.1.

Results
The reaction of Re2(CO)8(μ-C6H5)(μ-H), 3.1 with corannulene in 1/2 molar ratio in
CD2Cl2 at 40 oC for 24h yielded the new compound Re2(CO)8(µ-H)(µ-η2-1,2-C20H9), 3.2
(65%

yield)

together

with

the

known

compound

[Re2(CO)8(µ-H)](µ-1-µ-3-

C6H4)[Re2(CO)8(µ-H)] in 21% yield which is a product of the condensation of 1 with itself.9
Compound 3.2 was characterized by IR, 1H NMR spectroscopy, mass spectrometry
and structurally by single-crystal X-ray diffraction analysis. There are two symmetryindependent molecules in the asymmetric unit in the crystal of 3.2. Both molecules are
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structurally similar. An ORTEP diagram of its molecular structure of one of these two
symmetry-independent molecules of 3.2 is shown in Figure 3.1. The complex contains a
bowl shaped corannulenyl ring that has undergone a CH activation at one of the rim CH
bonds, C1. The carbon atoms C1 and C2 are coordinated to a Re2(CO)8(μ-H) grouping in
the traditional coordination mode exhibited by bridging alkenyl ligands. See the
related compound [Re2(CO)8[-HCC(H)C4H9]2(4-Hg), 3.6 as an example of a compound
that contains an  bridging alkenyl ligand.14 Re1 is coordinated to C1 and Re2 is
coordinated to the atoms C1 and C2 of the rim double bond. The -bond distances,
Re(1)-C(1) = 2.210(9) Å [molecule Re(3)-C(21) = 2.217(10) Å] and the Re – C -bond
distances: Re(2)-C(1) = 2.46(9) Å, Re(2)-C(2) = 2.504(10) Å [molecule 2, Re(4)-C(21) =
2.451(9) Å, Re(4)-C(22) = 2.509(11) Å], are similar to those in the hexenyl compound 3.6,
bonds:Re(1)-C(1) = 2.129(9) Å, Re(3)-C(7) = 2.151(11) Å and bonds: Re(2)-C(1) =
2.324(9) Å, Re(2)-C(2) = 2.481(9) Å, Re(4)-C(7) = 2.411(11) Å, Re(4) - C(8) = 2.505(15)
Å, and also to those in the naphthyl complex, Re2(CO)8(μ-H)(μ-C10H7), 3.7: bond,
Re(2)-C(1) = 2.196(4) Å, and bonds: Re-C(1) = 2.433(4) Å, Re-C(2) = 2.599(4) Å,
respectively.8 The coordinated C – C bond, C(1)-C(2) = 1.420(13) Å [C(21)-C(22) =
1.422(14) Å] is not significantly longer than the corresponding C – C double bonds in
corannulene the free molecule, 1.402(5) Å.15 The hydride-bridged Re – Re bond in 3.2,
Re(1)-Re(2)=3.0442(7) Å [Re(3)-Re(4) = 3.0426(7)], is similar to that in 3.7, Re - Re =
3.0531(3) Å. The hydrido ligand exhibits a typical highly-shielded resonance,  = -13.44
(s), in the 1H NMR spectrum. The resonance shown at  = 6.69 is attributed to H2 of the
coordinated double bond and it is shifted upfield significantly from its position in
corannulene the free molecule,  = 7.82. By virtue of the coordination, the corannulene
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ligand serves as a three-electron donor to the Re2(CO)8(μ-H) group and with the existence
of a hydride-bridged Re-Re single bond, both rhenium atoms formally achieve an 18electron configuration.
Reaction of 3.1 with corannulene in a 3/1 ratio at 40 oC for 24 h also yield 3.2, in
20% yield and [Re2(CO)8(µ-H)](µ-1-µ-3-C6H4)[Re2(CO)8(µ-H)],9 19% yield, but most
importantly three new isomeric doubly-Re2(CO)8(µ-H) metalated complexes: Re2(CO)8(µH)(µ-η2-1,2-µ-η2-10,11-C20H8)Re2(CO)8(µ-H), 3.3, 35% yield, Re2(CO)8(µ-H)(µ-η2-2,1µ-η2-10,11-C20H8)Re2(CO)8(µ-H), 3.4, 12% yield, and Re2(CO)8(µ-H)(µ-η2-1,2-µ-η211,10-C20H8)Re2(CO)8(µ-H), 3.5, 12% yield were also formed. Compounds 3.3, 3.4, and
3.5 can also be obtained in slightly better yields 40%, 15%, 11%, respectively, from the
reaction of 3.2 with 3.1.
Compounds 3.3, 3.4, and 3.5 were each characterized structurally by single-crystal
X-ray diffraction analyses. An ORTEP diagram of the molecular structure of 3.3 is shown
in Figure 3.2. Compound 3.3 contains two Re2(CO)8(µ-H) groups, one is
coordinated to rim double bond at carbon atoms C(1) – C(2) as found in 3.2 and
there is a second one at the rim double bond C(10) – C(11). The Re – C bonds,Re(1)C(1) = 2.196(4) Å, Re(3)-C(10) = 2.200(4) Å and the Re – C bonds, Re(2)C(1)=2.474(4) Å, Re(2)-C(2)=2.463(4) Å and Re(4)-C(10)=2.457(4) Å, Re(4)C(11)=2.460(4) Å are similar to those in 3.2. The two Re2(CO)8(µ-H) groups are not related
by symmetry and accordingly two resonances are observed for the inequivalent hydrido
ligands,  = -13.46 (s) and -13.50 (s) in the 1H NMR spectrum. The two coordinated C – C
double bonds are also inequivalent, but they are not significantly different in length, C(1)C(2)=1.442(6) Å and C(10)-C(11)=1.434(6) Å, as expected. The uncoordinated rim C – C
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double bonds, C(4)-C(5)=1.376(6) Å, C(7)-C(8)=1.382(6) Å and C(13)-C(14)=1.379(6) Å
are slightly shorter in length than the coordinated double bonds.
An ORTEP diagram of its molecular structure of 3.4 is shown in Figure 3.3.
Compound 3.4 contains two Re2(CO)8(µ-H) groups and they are both coordinated
to rim double bonds at carbon atoms C1 - C2 and C10 – C11 as in 3.3, but in 3.4 the first
Re2(CO)8(µ-H) group is bonded to C2 by Re2, Re(2)-C(2)=2.197(7) Å. The second
Re2(CO)8(µ-H) group is bonded to C10 by Re4, Re(4)-C(10)=2.207(7) Å as found in
3.3. By this change in coordination, compound 3.4 achieves an internal reflection
symmetry. Thus, the hydrido ligands on the two Re2(CO)8(µ-H) groups are equivalent, and
only one resonance is seen in the 1H NMR spectrum,  = -13.49 (s). The Re – C distances
to the C - C -bonds, Re(1)-C(1)=2.469(6) Å, Re(1)-C(2)=2.456(6) Å, Re(3)C(10)=2.424(7) Å, Re(3)-C(11)=2.506(6) Å, are similar to those in 3.3.
An ORTEP diagram of the molecular structure of 3.5 is shown in Figure 3.4.
Compound 3.5 contains two Re2(CO)8(µ-H) groups and they are both coordinated
to rim double bonds at carbon atoms C1 - C2 and C10 – C11 as in 3.3 and 3.4, but in 3.5 it
is the carbon atoms C1 and C11 that are the ones that are -bonded to the metal atoms Re1
and Re3, Re(1)-C(1)=2.199(5) Å and Re(3)-C(11)=2.205(5) Å and Re2 and Re4 are bonded to the double bonds, Re(2)-C(1)=2.439(5) Å, Re(2)-C(2)=2.483(5) Å, Re(4)C(10)=2.467(5) Å and Re(4)-C(11)=2.466(5). Compound 3.5 also contains reflection
symmetry and the two hydrido ligands are equivalent,  = -13.46 (s).
When a sample of 3.3 was heated to 45 oC for 40 h in CD2Cl2 solvent in a NMR
tube, compounds 3.4 and 3.5 were formed in a 1/2 ratio but most of the complex (~90%)
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was decomposed to 3.2 by loss of one of the Re2(CO)8 units. A small amount of
Re2(CO)8(μ-Cl)(μ-H) was also found in this sample.

Conclusions
In this work we have prepared the first examples of a CH activation in the nonplanar
aromatic molecule corannulene, C20H10, by a metal complex by reductive elimination of
benzene from 3.1 and by oxidative-addition of one of the corannulene CH bonds to the
dirhenium carbonyl group, see Scheme 3.2. By using a larger amount of 3.1, the formation
of three additional products 3.3, 3.4 and 3.5 which are isomers that were formed by the
activation two CH bonds on the same molecule of corannulene by the oxidative-addition
to two Re2(CO)8 groupings, see Scheme 3.3. The isomers are distinguished by the
formation of different conformations of the coordination of the Re2(CO)8(μ-H)
groupings to the double bonds in corannulene molecule. The doubly-metalated compound
3.3 readily loses one Re2(CO)8 grouping upon heating by returning to the mono-metallated
compound 3.2, but small amounts of 3.4 and 3.5 were also formed.
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Table 3.1. Crystallographic data for compounds 3.2-3.5.
Compound
Empirical formula

2
Re2O8C28H10

3
Re4O16C42H22

4
Re4O16C42H16

5
Re4O16C36H10

Formula weight

846.76

1527.40

1521.35

1443.24

Crystal system

Orthorhombic

Monoclinic

Orthorhombic

Triclinic

a (Å)

33.380(3)

9.3474(3)

30.1383(14)

9.2717(4)

b (Å)

8.410(6)

28.8019(10)

8.5192(4)

14.9508(7)

c (Å)

35.167(3)

15.3799(5)

15.6766(7)

14.9516(7)

α (deg)

90.00

90.00

90.00

108.647(2)

β (deg)

90.00

93.7605(14)

90.00

105.137(2)

γ (deg)

90.00

90.00

90.00

96.773(2)

V (Å3)

9872.6(13)

4131.7(2)

4025.0(3)

1849.11(15)

Space group

Pbca

P21/n

Pna21

P-1

Z value

16

4

4

2

ρcalc (g/cm3)

2.279

2.455

2.511

2.592

μ (Mo Kα) (mm-1)

9.852

11.755

12.066

13.124

Temperature (K)

302(2)

100(2)

100(2)

100(2)

2θmax(°)

49.88

57.45

54.99

56.59

No. Obs. (I>2σ(I))

9401

9935

9196

9209

No. Parameters

693

569

567

513

Goodness of fit
(GOF)
Max. shift/error on
final cycle
Residuals*:
R1;
wR2
Absorption Corr.,

1.270

1.037

1.042

1.021

0.002

0.002

0.003

0.002

0.0529;
0.0829
Multi-Scan

0.0255;
0.0497
Multi-Scan

0.0283; 0.0422

0.0256;
0.0508
Multi-Scan

Max/min

0.6461/0.5273 0.0969/0.0575 0.6439/0.4453

Lattice parameters

Multi-Scan

0.7793/0.4602

Largest peak in 2.413
3.213
0.900
3.984
Final Diff. Map (e
/Å3)
a
R1 = hkl(Fobs-Fcalc)/hklFobs; wR2 = [hklw(Fobs-Fcalc)2/hklwF2obs]1/2;
w = 1/2(Fobs); GOF = [hklw(Fobs-Fcalc)2/(ndata – nvari)]1/2.
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Figure 3.1. An ORTEP diagram of the molecular structure of Re2(CO)8(µ-H)(µ-η2-1,2C20H9), 3.2 showing 25% thermal ellipsoid probability. Selected interatomic bond
distances (Å) are as follow: Molecule 1: Re(1)-Re(2) = 3.0442(7), Re(1)-H(1) = 1.79(2),
Re(2)-H(1) = 1.80(2), Re(1)-C(1) = 2.210(9), Re(2)-C(1) = 2.46(9), Re(2)-C(2) =
2.504(10), C(1)-C(2) = 1.420(13), C(2)-C(3) = 1.460(14), C(3)-C(4) = 1.428(15), C(1)C(15) = 1.480(13), C(3)-C(17) = 1.354(14), C(4)-C(5)=1.388(17), C(15)-C(16) =
1.379(13), C(16)-C(17) = 1.418(13); Molecule 2: Re(3)-Re(4) = 3.0426(7), Re(3)-H(3) =
1.88(19), Re(4)-H(3) = 1.94(19), Re(3)-C(21) = 2.217(10), Re(4)-C(21) = 2.451(9),
Re(4)-C(22) = 2.509(11), C(21)-C(22) = 1.422(14), C(21)-C(35) = 1.483(14), C(22)C(23) = 1.453(15), C(23)-C(37) = 1.336(15), C(23)-C(24) = 1.426(16), C(24)-C(25) =
1.401(19), C(35)-C(36) = 1.379(14).
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Figure 3.2. An ORTEP diagram of the molecular structure of Re2(CO)8(µ-H)(µ-µ-η2-1,2µ-η2-10,11-C20H8)Re2(CO)8(µ-H), 3.3, showing 45% thermal ellipsoid probability.
Selected interatomic bond distances(Å) are as follow: Re(1)-Re(2)=3.065(3), Re(3)Re(4)=3.051(3), Re(1)-H(1)=1.91(7), Re(2)-H(1)=1.82(7), Re(3)-H(10)=1.86(6), Re(4)H(10)=1.85(6), Re(1)-C(1)=2.196(4), Re(2)-C(1)=2.474(4), Re(2)-C(2)=2.463(4), Re(3)C(10)=2.200(4), Re(4)-C(10)=2.457(4), Re(4)-C(11)=2.460(4), C(1)-C(2)=1.442(6),
C(1)-C(15)=1.485(6), C(2)-C(3)=1.467(6), C(10)-C(11)=1.434(6) and C(11)C(12)=1.469(6).
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Figure 3.3. An ORTEP diagram of the molecular structure of Re2(CO)8(µ-H)(µ-η2-2,1-µη2-10,11-C20H8)Re2(CO)8(µ-H), 3.4, showing 50% thermal ellipsoid probability. Selected
interatomic bond distances(Å) are as follow: Re(1)-Re(2)=3.0499(5), Re(3)Re(4)=3.0474(4), Re(1)-H(2)=1.74(4), Re(2)-H(2)=1.74(4), Re(3)-H(10)=1.74(4), Re(4)H(10)=1.73(4), Re(1)-C(1)=2.469(6), Re(1)-C(2)=2.456(6), Re(2)-C(2)=2.197(7), Re(3)C(10)=2.424(7), Re(4)-C(10)=2.207(7), Re(3)-C(11)=2.506(6), C(1)-C(2)=1.441(9),
C(1)-C(15)=1.465(8), C(2)-C(3)=1.503(9), C(10)-C(11)=1.415(10), C(11)C(12)=1.479(9), C(4)-C(5)=1.371(9), C(7)-C(8)=1.379(10), C(13)-C(14)= 1.381(9).
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Figure 3.4. An ORTEP diagram of the molecular structure of Re2(CO)8(µ-H)(µ-η2-1,2-µη2-11,10-C20H8)Re2(CO)8(µ-H), 3.5, showing 45% thermal ellipsoid probability. Selected
interatomic bond distances(Å) are as follow: Re(1)-Re(2)=3.0346(3), Re(3)Re(4)=3.0655(3), Re(1)-H(1)=1.87(9), Re(2)-H(1)=1.88(8), Re(3)-H(11)=1.80(6), Re(4)H(11)=1.88(6), Re(1)-C(1)=2.199(5), Re(2)-C(1)=2.439(5), Re(2)-C(2)=2.483(5), C(1)C(2)=1.435(7), C(1)-C(15)=1.501(7), C(2)-C(3)=1.470(7), C(9)-C(10)=1.475(6), C(10)C(11)=1.435(7), C(11)-C(12)=1.499(7), Re(3)-C(11)=2.205(5), Re(4)-C(11)=2.466(5)
and Re(4)-C(10)=2.467(5).

67

Scheme 3.1. A schematic for benzene-naphthalene exchange in compound 3.1. CO
ligands are represented only as lines to the rhenium atoms.

Scheme 3.2. A schematic showing the reaction of corannulene with 3.1. CO ligands are
represented only as lines to the rhenium atoms.
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Scheme 3.3. A schematic showing the structures of the products formed from the
reaction of 3.2 with 3.1. The blue lines show the locations of the Re – C -bonds to the
corannulene rings. CO ligands are represented only as lines to the rhenium atoms.
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CHAPTER 4
MULTIPLE C-H BOND ACTIVATIONS AND RING OPENING C-S
BOND CLEAVAGE OF THIOPHENE BY DIRHENIUM CARBONYL
COMPLEXES3

3

Adams, Richard D.; Dhull Poonam; Tedder, Jonathan D.; Inorganic Chemistry. 2018,
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4.1 Introduction
The activation of aromatic C-H bonds in arenes and heteroarenes by metal
complexes has attracted considerable attention in recent years and has led to important new
routes to their functionalization.1,2 Sulfur containing heteroarenes, such as thiophene,
benzothiophene and dibenzothiophene, are of interest because they are found in fossil fuels
and they contribute to environmental pollution if the sulfur is not removed before the fuels
are used.3 Thiophenes are conveniently desulfurized by transition metal catalysts4 and on
metal surfaces.5 In recent studies we have found that multiple additions of triosmium
carbonyl clusters to furan can produce multiple CH activations that can lead to ring opening
and decarbonylation of the furan ring, Scheme 4.1.6
We have also found that the dirhenium complex Re2(CO)8(μ-C6H5)(μ-H), 4.1 can
engage in multiple CH activation reactions with arenes including reactions with itself,
Scheme 4.2.7
We have now found that multiple additions of dirhenium carbonyl complexes to
thiophene also produce a series of novel, multiple C-H bond activations in thiophene that
ultimately lead to an opening of the thiophene ring by the cleavage of one of the C-S bonds
under mild conditions.

4.2 Experimental Section
General Data
All reactions were performed under a nitrogen atmosphere. Reagent grade solvents
were dried by the standard procedures and were freshly distilled prior to use. Infrared
spectra were recorded on a Nicolet IS10 Midinfrared FT-IR spectrophotometer. 1H NMR
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spectra were recorded on a Varian Mercury 300 spectrometer operating at 300 MHz.
Variable temperature

13

C NMR spectra were recorded on a Bruker Avance III-HD

spectrometer operating at 400 MHz. Mass spectrometric (MS) measurements performed
by a direct-exposure probe by using electron impact ionization (EI) were made on a VG
70S instrument. Re2(CO)10 and thiophene were obtained from STREM and Sigma Aldrich
and used without further purification. Re2(CO)8(µ-H)[µ-η2-C(H)=C(H)Bun]20 and
Re2(CO)8(μ-C6H5)(μ-H), 4.18 were prepared according to previously reported procedures.
Product separations were performed by TLC in air on Analtech 0.25 and 0.5 mm silica gel
60 Å F254 glass plates.
Reaction of Re2(CO)8(μ-C6H5)(μ-H), 4.1 with thiophene
A 20.0 mg amount (0.029 mmol) of 4.1 and 0.2 mL (2.50 mmol) of thiophene were
dissolved in 1.6 mL CD2Cl2 in a 5 mm NMR tube. The NMR tube was evacuated and filled
with nitrogen. The NMR tube was then allowed to stand for 6 h at 40 oC. A 1H NMR
spectrum obtained after this period showed a new hydride resonance at  = -12.46. The
contents were then transferred to a flask and solvent was removed in vacuo. The residue
was extracted in CH2Cl2 and separated by TLC by using hexane to give a yellow band of
Re2(CO)8(µ-η2-2,3-C4H3S)(µ-H), 4.2, 15.0 mg (76% yield). Spectral data for 4.2: IR νCO
(cm-1 in CH2Cl2): 2112(w), 2087(m), 2014(vs), 1993(sh), 1961(s). 1H NMR (CD2Cl2,  in
ppm): 8.49-8.51 (d, 1H, H5, 3J = 5.1 Hz), 7.39-7.41 (d, 1H, H3, 3J = 3.3 Hz), 7.21-7.24 (dd, 1H, H4, 3J = 5.1 Hz, 4J =3.3 Hz), -12.46 (s, 1H, H2, hydride). 13C NMR at 20˚C (CD2Cl2,
400 MHz, in ppm): 186.68, 183.90, 180.58, 148.09, 144.10, 128.61 and 113.46. 13C NMR
(CD2Cl2, DEPT, 400 MHz, in ppm): 148.09, 144.104 and 128.611;
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C NMR at -80˚C

(CD2Cl2, 400 MHz, in ppm): 187.21, 184.52, 183.56, 181.37, 147.34, 134.98, 128.84 and
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116.76. Mass Spec. EI/MS m/z: 680, M+, 652, M+-CO. This isotope distribution pattern is
consistent with the presence of two rhenium atoms.
Reaction of 4.2 with 4.1
A 45.0 mg amount (0.066 mmol) of 4.2 and 50.0 mg (0.074 mmol) of 4.1 were
dissolved in 25 mL of methylene chloride. The solution was then heated to reflux for 7 h.
After cooling the reaction mixture, the solvent was removed in vacuo. The residue was
extracted in CH2Cl2 and separated by TLC by using hexane solvent to yield a yellow band
of [Re2(CO)8(µ-H)]2(µ-η2-2,3-µ-η2-4,5-C4H2S), 4.3, 45.0 mg (53% yield) and yellow band
of Re(CO)4[µ-η5-η2-SCC(H)C(H)C(H)][Re(CO)3][Re2(CO)8(µ-H)], 4.4, 20.0 mg (24%
yield). Spectral data for 4.3: IR νCO (cm-1 in CH2Cl2): 2110(w), 2089(m), 2024(vs),
1997(sh), 1984(sh), 1969(s). 1H NMR (CD2Cl2,  in ppm) 6.31 (s, 2H, H3, H4), -13.31 (s,
2H, hydride ligands). Mass Spec. EI/MS m/z: 1278, M+, 1250, M+-CO. Spectral data for
4.4: IR νCO (cm-1 in CH2Cl2): 2119(w), 2095(m), 2043(vs), 2108(m), 2001(m), 1987(sh),
1961(s). 1H NMR (Acetone-D6,  in ppm): 6.93-6.95 (d, 1H, H3, 3J = 5.4 Hz), 5.69-5.75
(d-d, 1H, H4, 3J = 5.7 Hz, 4J =12 Hz), 5.44-5.48 (d, 1H, H5, 3J = 11.7 Hz), -14.91 (s, 1H,
H2, hydride). Mass Spec. EI/MS m/z: 1250, M+, 1222, M+-CO. This isotope distribution
pattern is consistent with the presence of four rhenium atoms.
Conversion of 4.3 to 4.4
A solution of 30.0 mg (0.023 mmol) of 4.3 in 25 mL of hexane was heated to reflux
for 6 h. After cooling the reaction mixture, the solvent was removed in vacuo. The residue
was extracted in CH2Cl2 and separated by TLC by using hexane to give a yellow band of
4.4, 20.0 mg (70% yield).
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Synthesis of 4.2 and 4.4 from the reaction of Re2(CO)8(µ-H)[µ-η2-C(H)=C(H)Bun]
with thiophene
A 100.0 mg amount (0.147 mmol) of Re2(CO)8(µ-H)[µ-η2-C(H)=C(H)Bun] and 0.3
mL (3.75 mmol) of thiophene, C4H4S, were dissolved in 25 mL of toluene. The solution
was then heated to 80 oC for 7 h. After cooling the reaction mixture, the solvent was
removed in vacuo. The residue was extracted in CH2Cl2 and separated by TLC by using
hexane to give a yellow band of Re2(CO)8(µ-η2-2,3-C4H3S)(µ-H), 4.2, 70.0 mg (70% yield)
and yellow band of 4.4, 8.0 mg (4.3% yield).
Reaction of 4.4 with H2O.
10.0 mg (0.008 mmol) of 4.4 and 0.05 mL (2.78 mmol) of water, were dissolved in
10 mL of octane. The solution was then heated to reflux for 5 h. The solution was then
cooled, and the solvent was removed in vacuo. The residue was extracted in CH2Cl2 and
separated by TLC by using hexane to give a yellow band of Re(CO)4[µ-η5-η2SC(H)C(H)C(H)C(H)]Re(CO)3, 4.5, 4.0 mg (77% yield) and [Re(CO)3(OH)]4, 3.0 mg
(16% yield). Spectral data for 4.5: IR νCO (cm-1 in CH2Cl2): 2095(m), 2043(vs), 1995(m),
1966(sh), 1944(s). 1H NMR (CD2Cl2,  in ppm): 6.67-6.71 (t, 1H, H3, 3J = 6 Hz), 5.925.94 (d, 1H, H2, 3J = 6 Hz), 5.60-5.66 (dd, 1H, H4, 3J = 5.4 Hz, 4J =12 Hz), 5.40-5.44 (d,
1H, H5, 3J = 12 Hz). Mass Spec. EI/MS m/z: 652, M+, 626, M+-CO.
Crystallographic analyses
Yellow single crystals of 4.2 and 4.4 suitable for X-ray diffraction analyses were
obtained by slow evaporation of solvent from a solution in pure hexane at 15 °C. Yellow
single crystals of 4.3 suitable for X-ray diffraction analyses was obtained by slow
evaporation of solvent form a solution in hexane at 15 °C. Each data crystal was glued onto
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the end of a thin glass fiber. X-ray intensity data for compounds 4.2 was measured by
using a Bruker SMART APEX CCD-based diffractometer using Mo Kα radiation (λ =
0.71073Å). The raw data frames were integrated with the SAINT+ program by using a
narrow-frame integration algorithm. Correction for Lorentz and polarization effects were
also applied with SAINT+. An empirical absorption correction based on the multiple
measurement of equivalent reflections were applied using the program SADABS. All
structures were solved by a combination of direct methods and difference Fourier
syntheses, and refined by full-matrix least-squares on F2 by using the SHELXTL software
packages. All non-hydrogen atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were placed in geometrically idealized positions and included as standard
riding atoms during the least-squares refinements. X-ray intensity data from a yellow plate
of 4.3, a yellow plate of 4.4 and a yellow block of 4.5 were collected at 100(2) K by using
a Bruker D8 QUEST diffractometer equipped with a PHOTON-100 CMOS area detector
and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 Å). The data collection
strategies consisted of five 180° ω-scans at different φ settings and two 360° φ-scans, with
a scan width per image of 0.5° The crystal-to-detector distance was 4.0 cm and each image
were measured for 2 s with the detector operating in shutterless mode. The average
reflection redundancy was 6.2. The raw area detector data frames were reduced, scaled and
corrected for absorption effects by using the SAINT and SADABS programs (Estimated
minimum / maximum transmission = 0.0452 / 0.1552). Final unit cell parameters were
determined by least-squares refinement of 9060 reflections in the range 5.107° ≤ 2θ ≤
60.072° taken from the data set. Compound 4.3 crystallized in the triclinic crystal system.
The space group P-1 was assumed and confirmed by the successful solution and refinement
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of the structure. Compound 4.3 crystallizes with two independent formula equivalents of
the molecule in the asymmetric unit of the unit cell. Both molecules are structurally similar.
Compound 4.5 crystallized in the triclinic system. The space group P-1 (No. 2) was
confirmed by structure solution. The asymmetric unit consists of one molecule. The
structure is disordered, involving scrambling of the opened thiophene ligand. Initial
refinements assuming no disorder resulted in carbon atom C5A of the opened thiophene
ligand refining to a physically senseless negative displacement parameter (“non-positivedefinite”). The largest residual electron density peaks were also observed building up
around C5A, including a large peak at a distance of ca. 2.5 Å from Re1. These observations
were interpreted as disorder of the C4H4S ligand over two orientations. For the disorder
model, 1,2- and 1,3- S-C and C-C distances of the minor component were restrained to be
similar to those of the major using a SHELX SAME instruction. This was necessary owing
to the small minor component disorder fraction, which refined to 0.095(3). The anisotropic
displacement parameters of nearly superimposed atoms were held equal. A total of 10
restraints were used in the disorder modeling. All non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were placed in geometrically
idealized positions and included as riding atoms with d(C-H) = 1.00 Å and Uiso(H) =
1.2Ueq(C). Crystal data and results of the structural refinements are given in Table 4.2.

4.3 Results and Discussions
The reaction of Re2(CO)8(-C6H5)(-H), 4.18 with thiophene, SC4H4, in a CH2Cl2
solution at 40 oC for 6 h yielded the new compound Re2(CO)8(-2-SC4H3)(-H), 4.2 in
76% yield. Compound 4.2 was characterized by a combination of IR, 1H NMR, mass spec
and single crystal X-ray diffraction analyses. An ORTEP diagram of the molecular
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structure of 4.2 is shown in Figure 4.1. Compound 4.2 contains a -2-thienyl ligand
formed by reductive-elimination of benzene from 4.1 and oxidative-addition of the CH
bond at the 2-position of the thiophene to the two rhenium atoms.
The bridging thienyl ligand exhibits the classical + coordination mode typically
observed for bridging alkenyl ligands,9 and both rhenium atoms in 4.2 have 18-electron
configurations. The structure of 4.2 resembles that of the naphthyl compound Re2(CO)8(2-C10H7)(-H) that was obtained from the reaction of 4.1 with naphthalene which contains
a bridging 2-naphthyl ligand in a similar + coordination mode.10 By contrast, the phenyl
ligand is coordinated to the metal atoms in 4.1 as a bridging ligand by using only one
carbon atom, see Scheme 4.2. The S(1)-C(2) bond distance in 4.2, 1.746(4) Å, next to the
coordinated double bond is significantly longer than the S(1)-C(5) bond distance, 1.704(6)
Å, which is connected to the uncoordinated C – C double bond (C4 – C5) in the bridging
thienyl ligand. The C – S bond distances in thiophene are 1.714(1) Å.11 The coordinated
C – C “double” bond, C(2)-C(3) = 1.392(6) Å, has increased in length while the
uncoordinated C – C double bond, C(4)-C(5) = 1.338(8) Å, has decreased in length
compared to that of the free molecule, C = C = 1.370 (2) Å. Compound 4.2 also contains
one bridging hydrido ligand H2,  = -12.46. The mechanism for the formation of 4.2 from
4.1 is probably like the mechanism of exchange of benzene in 4.1 that was reported
previously.10
The

13

C NMR spectrum of 4.2 exhibits four resonances located at  = 148.09,

144.10, 128.61 and 113.46 for the bridging thienyl ligand. The resonance at 113.46 ppm
was not observed in the 13C DEPT (polarization transfer) spectrum confirming that this one
is the resonance of the bridging carbon atom C2. Interestingly, the carbonyl region of the
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spectrum of 4.2 exhibits only three resonances: two sharp singlets of intensity 2 at  =
186.68 and 180.58 and a broad resonance of intensity 4 at  = 183.90. Suspecting
dynamical activity, variable temperature 13C spectra were obtained for 4.2. A stacked plot
of the 13C NMR spectra of 4.2 at temperatures from -80 C - +40 C is shown in Figure 4.2.
At -80 oC, four CO resonances of equal intensity are observed at  = 187.21, 184.52,
183.56, 181.37. For the structure of 4.2 as found in the solid state, all of the CO ligands are
inequivalent. Assuming that the structure in solution is the same as the found in the solid
state, the

13

C spectrum of 4.2 should show eight CO resonances in the absence of any

dynamical averaging. Thus, the observed spectrum at -80 oC is indicating than an averaging
process is already occurring and is rapid on the NMR timescale even at -80 oC. This could
be explained by windshield wiper-like flipping of the thienyl ligand between the two
rhenium atoms which would interchange the enantiomers of the molecule 4.2 and 4.2*, as
shown at the top of Scheme 4.3. In this process atom C3 simply moves back and forth
between the metal atoms Re1 and Re2. We could call this a  -  flip process. In this process
the CO ligands on each rhenium atoms will be averaged into four pairs by the dynamically
produced mirror symmetry. A transition state, such as I, in which only the carbon atom C2
of the thienyl ligand is coordinated in 1-fashion to the metal atoms in a bridging position
could be a reasonable intermediate in such a process. The 13C spectrum should exhibit four
resonances as observed. However, as the temperature is raised from -80 C to +40 oC, the
resonances at  = 184.52 and 183.56 broaden, coalesce and merge into a broad singlet of
intensity 4 at +40 oC. This is indicative of the existence of another higher energy dynamical
process that averages two of the pairs of CO ligands but leaves the remaining two of pairs
unexchanged with each other. A higher energy exchange process that could explain this is
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also shown in Scheme 4.3. By rotating the bridging thienyl ligand in I by 180o, C11 in the
back is exchanged with C14 in the front, and C21 in the back is exchanged with C24 in the
front, but equivalent pair C12 and C22 are not exchanged with the other pair C13 and C23.
From the exchange rate calculated to be 852/sec at the coalescence temperature of 10 oC,
G†283 of activation was calculated to be 11.9(3) kcal/mol for the higher temperature
exchange process. In recent studies we have also observed that the 1-bridging phenyl
ligand in the complex Os3(CO)10(µ-AuPPh3)(µ-1-C6H5) also undergoes a similar
rotational process perpendicular to the Os – Os bond.12 Broadness in all of the CO
resonances at +40 oC, could signal the onset of yet another dynamical process that leads to
an averaging of all CO resonances, but higher temperature spectra could not recorded in
the solvent that was used.
Compound 4.2 (70% yield) together with a small amount of the compound 4.4, see
below, (4.3% yield) can also be obtained conveniently from the reaction of Re2(CO)8(µH)[µ-η2-C(H)=C(H)Bun] with thiophene when heated to 80 oC for 7 h in a solution in
toluene solvent.
Interestingly, reaction of compound 4.2 with an additional quantity of 4.1 yielded
two products [Re2(CO)8(µ-H)]2(µ-η2-2,3-µ-η2-4,5-C4H2S), 4.3, in 53% yield and
Re(CO)4[µ-η5-η2-SCC(H)C(H)C(H)][Re(CO)3][Re2(CO)8(µ-H)], 4.4, 24% yield after 7 h
at 45 oC by loss of benzene from the 4.1 and the addition of a second equivalent of
Re2(CO)8 to 4.2. Compound 4.3 was independently converted to 4.4 in 70 % yield by
heating a solution in hexane solvent to reflux for 6 h.
The molecular structure of 4.3 was confirmed by a single-crystal X-ray diffraction
analysis and an ORTEP diagram of its molecular structure is shown in Figure 4.3.
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Compound 4.3 contains a 2,5-doubly-CH activated, dimetallated thiophene (thiendiyl)
ligand bridged between two HRe2(CO)8 groups. In 4.3 both of the formal “double” bonds
of the original thiophene molecule are coordinated to a HRe2(CO)8 subunit of the complex
in the 1-2-(+)-bonding mode, see a further discussion of the bonding described below.
Compound 4.3 contains an approximate C2 symmetry in the solid state and thus in solution
the two hydrido ligands,  = -13.31, and the two CH protons,  = 6.31 are equivalent as
observed in its 1H NMR spectrum, The Re – Re bond distances in 4.3, Re(1)Re(2)=3.0558(3) Å, Re(3)-Re(4)=3.0549(3) Å are similar to those in 4.2. Both C – S bonds
in the thiendiyl ligand have increased in length compared to that found in 4.2, S(1)C(2)=1.771(5) Å, S(1)-C(5)=1.761(5) Å; (molecule 2, S(2)-C(6)=1.751(5) Å, S(2)C(9)=1.763(5) Å), presumably because of additional disruption in the –bonding network
of the original thiophene ring by the metal atoms, see the molecular orbital calculations
described below. Overall, the formation of compound 4.3 from 4.1 can be viewed as
another example of a two-step “double” CH activation7 of the original thiophene molecule
with the CH activations occurring sequentially at the 2- and 5-positions of the thiophene
ring.
Compound 4.4 was also characterized by a single-crystal X-ray diffraction
analyses. An ORTEP drawing of the molecular structure of 4.4 is shown in Figure 4.4.
Compound 4.4 contains a 1-thiapentadienyl ligand that is doubly-metallated by rhenium
atoms at the 2- and 5-positions. It bridges all four of the rhenium atoms. The sulfur and
four carbon atoms of the original thiophene ligand are -bonded to one metal atom Re(4),
Re(4) – C(2) = 2.392(3) Å, Re(4) – C(3) = 2.317(3) Å, Re(4) – C(4) = 2.296(3) Å, Re(4) –
C(5) = 2.467(3) Å, Re(4) – S(1) = 2.4971(7) Å. Atoms Re(1) and Re(2) form a Re2(CO)8
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subunit that bridges the S1 – C2 edge of the metallated-thiapentadienyl ligand, S(1)-C(2)
= 1.796(3) Å, Re(1)-S(1) = 2.4831(7) Å, Re(2)-C(2)= 2.190(3) Å. The Re(1) – Re(2) bond
is long, Re(1) - Re(2) = 3.29628(18) Å, because it contains a single bridging hydrido ligand,
 = -14.91. Atom Re(3) was inserted into the S1 – C(5) bond, Re(3)-C(5)= 2.192(3) Å,
Re(3)-S(1)= 2.4629(7) Å. Assuming the sulfur atom donates two electrons to Re(1), two
electrons to Re(3) and one electron to Re(4), then all of the metal atoms in 4.4 have 18electron configurations.
The insertion of metal containing groups into the C – S bonds of thiophenes has
been observed on a number of previous occasions.13, 14 Some years ago, Angelici showed
that Re2(CO)10 reacts with thiophenes to yield ring-opened thiophene complex under the
influence of UV-irradiation.14 One product Re2(CO)7(-2,5-Me2H2C4S) contains a
monometallated η5-dimethylthiapentadienyl ligand coordinated to one rhenium atom and
a Re(CO)4 group bridging the opened edge of the original 2,5-Me2C4S ligand similarly to
that in 4.4.
A possible pathway for the transformation of 4.3 to 4.4 is shown in Scheme 4.4.
This pathway begins by an isomerization to a plausible Intermediate I by shifting one of
the Re2 groups to a one of the C – S edges of the thiophene ligand, Re1 – Re2, to the C2 –
S edge, as shown in Scheme 4.4. This could be facilitated by formation of a bonding
interaction to electrons located on the sulfur atom, see below, to one of the Re atoms, e.g.
Re2, step 1. The “double” bond between C2 and C3 is then released from coordination to
Re1 and that bond is then added to Re4, step 2, which could, in turn, induce elimination of
a CO ligand from Re4, step 3. Atom Re3 then inserts into the C5 – S bond of the ring, step
4, and the bridging hydrido ligand is shifted to atom C5 to form a C-H bond and the Re3 –
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Re4 bond is broken. Finally, a bond is established between Re4 and the sulfur atom and
the transformation to compound 4.4 is completed. It is possible that these steps may occur
in a different order.
Studies of the insertion of metal atoms into the C-S bonds of mononuclear metalthiophene complexes have indicated that S-coordinated intermediates are involved.15
Parkin observed the formation of an 5-thiapentadienyl ligand in the complex (η5C4H5S)W(PMe3)2(η2-CH2PMe2) formed by hydride transfer and insertion of the tungsten
atom of the complex W(PMe3)4(η2-CH2PMe2)H into a C-S bond of thiophene.16
Finally, when compound 4.4 was heated to reflux (125 oC) in octane solvent for 5
h in the presence of small amounts of H2O, the new compound Re(CO)4[η5-µ-η2SC(H)C(H)C(H)C(H)]Re(CO)3, 4.5 was obtained in 77 % yield together with the known
compound [Re(CO)3(-OH)]4, 16% yield.17 The molecular structure of 4.5 is shown in
Figure 4.5. Compound 4.5 contains a 5-thiapentadienyl that is metallated only at the 5position, as one hydrogen atom was added to the carbon atom C(2a) when the Re(2) – C(2)
bond in 4.4 was cleaved. It is -bonded to Re(2) and -bonded by the sulfur atom and the
terminal carbon atom C(5) to the rhenium atom Re(1), Re(1)-S(1a)=2.4826(8) Å, Re(1)C(5a)= 2.198(7) Å. All the metal atoms in 4.5 have 18-electron configurations. The
disappearance of the HRe2(CO)8 fragment from 4.4 and the formation of [Re(CO)3(OH)]4 indicates a simple water addition induced the cleavage of the pendant HRe2(CO)8
group. When the reaction was performed in the absence of added water, these products
were not formed. It is known that water reacts with Re2(CO)10 to yield [Re(CO)3(-OH)]4.
The removal of the bridging HRe2(CO)8 fragment from 4.4 results in a slight shortening of
the associated S – C bond distance, S(1a)-C(2a) = 1.754(4) Å in 4.5. The other bond
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distances and angles in 4.5 are similar to those in 4.4 and in Angelici’s compound
Re2(CO)7(-2,5-Me2H2C4S).14a The manganese homologue of 4.5 has been synthesized by
a different method and was structurally characterized. It is structurally similar to that of
4.5.18
In order to obtain a better understanding of the bonding in these multi-center
polynuclear metal coordination complexes, PBEsolD3 ADF DFT molecular orbital (MO)
calculations were performed on thiophene, 4.3 and 4.4. To begin we performed geometryoptimized molecular orbital calculations of the free molecule of thiophene. Selected MOs
for the structure of thiophene are shown in Figure 4.6. Our geometry-optimized structure
of thiophene compares favorably with the experimental structure11 and with that of other
geometry-optimized calculations, see Table 4.1.19
The HOMO and HOMO-1 are the two expected single node out of plane -orbitals.
The out-of-plane component on the sulfur atom in the HOMO-1 could be viewed as a “lone
pair-like” pair of electrons at that site thus giving it the potential for ligation. The HOMO2 is a delocalized, multiple node -type orbital that could contain some in-plane “lone pairlike” character on the sulfur atom. The HOMO-3 is the fully delocalized out-of-plane orbital.
Selected MOs that emphasize the bonding between the thiendiyl ligand and the
rhenium atoms of the geometry-optimized structure of 4.3 are shown in Figure 4.7. The
thiendiyl ligand in the HOMO is related to the HOMO-1 of thiophene, see above. The
HOMO-1 of 4.3 shows the nature of the interactions of a -like orbital closely related to
the HOMO of thiophene with the two Re2 groups. The HOMO-8 shows some -bonding
interactions of the Re atoms with the carbon atoms at the 2- and 5-positions of the ring.
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The HOMO-12 shows interactions of the Re atoms with the out of plane -like “lone” pair
of electrons on the sulfur atom of the HOMO-1 of thiophene. This interaction could
represent a first stage of the transformation, step 1, shown in Scheme 4.4 that ultimately
leads to the opening of the thiophene ring. The HOMO-19 shows a highly delocalized
orbital distribution above and below the plane of the thiendiyl ligand that is most closely
related to the HOMO-3 of thiophene itself.
Selected MOs that focus on the -bonding interactions between the metallatedthiapentadienyl ligand and the rhenium atoms of the geometry-optimized structure of 4.4
are shown in Figure 4.8. The extended –like orbitals of the dimetallated thiapentadienyl
ligand shown in the HOMO-17 and HOMO-18 are related to the HOMO-3 of the original
molecule of thiophene.

4.4 Conclusions
In this study, we have shown that thiophene undergoes facile CH activation
reactions with compound 4.1 at the 2-position and at both the 2- and 5-positions of the ring
by reaction of 4.2 with a second equivalent of 4.1 to yield 4.3. The doubly-activated
thiendiyl ligand in 4.3 undergoes a facile opening of the thiendiyl ring by cleavage of one
of its C-S bonds to yield a doubly-metallated thiapentadienyl ligand in the compound 4.4
that retains all four of the original rhenium atoms. Finally, when heated in the presence of
water the HRe2(CO)8 group in 4.4 was cleaved from the molecule and the remaining
dirhenium portion was isolated as the free molecule 4.5.
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Table 4.1. Bond Distance for the DFT Geometry Optimized Structure of Thiophenea,b.
Bond

Distance
Distance
Distance
a
b
(Å)
(Å)
(Å)c
S – C1
1.720
1.714(1)
1.736
C1 – C2
1.372
1.370(2)
1.367
C2 – C3
1.420
1.424(2)
1.429
a
b
c
This work, experimentally determined values, ref. 11; B3LYP, ref. 18.
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Table 4.2. Crystal data, and results of the analyses for compounds 4.2-4.5.
Compound
4.2
4.3
4.4
4.5
Empirical
Re2SO8C12H4
Re4SO16C20H4
Re4SO15C19H4
Re2SO7C11H4
formula
Formula weight
680.61
1277.09
1249.08
652.60
Crystal system
Monoclinic
Triclinic
Monoclinic
Triclinic
Lattice
parameters
a (Å)
8.7358(4)
9.2550(5)
9.466(3)
7.328(3)
b (Å)
13.1802(7)
14.3823(7)
18.072(6)
8.482(3)
c (Å)
13.9147(7)
21.9245(11)
15.583(5)
12.078(5)
α (deg)
90.00
96.952(2)
90.00
108.757(2)
β (deg)
97.640(10)
100.999(2)
103.818(10)
98.177(2)
γ (deg)
90.00
95.882(2)
90.00
95.09(2)
3
V (Å )
1587.91(14)
2819.9(2)
2588.62(14)
696.43(5)
Space group
P21/n
P-1
P21/n
P-1
Z value
4
4
4
2
3
ρcalc (g/cm )
2.847
3.008
3.205
3.112
μ (Mo Kα) (mm-1) 15.399
17.261
18.796
17.543
Temperature (K) 294(2)
100(2)
100(2)
100(2)
2θmax(°)
56.44
60.08
65.13
61.19
No. Obs. (I>2σ(I)) 3935
16489
9485
4283
No. Parameters
212
771
357
207
Goodness of fit 1.120
1.010
1.023
1.060
(GOF)*
Max. shift/error 0.002
0.002
0.002
0.002
on final cycle
Residuals*: R1; 0.0233;
0.0293; 0.0608 0.0230; 0.0297 0.0208; 0.0278
wR2
0.0534
Absorption
Multi-Scan
Multi-Scan
Multi-Scan
Multi-Scan
Correction,
1.000/0.602
0.1552/0.0452 0.7049/0.3147 0.4935/0.3488
Max/min
Largest peak in 0.752
1.507
1.031
1.01
Final Diff. Map (e/ Å 3)
* R1 = hkl(Fobs-Fcalc)/hklFobs; wR2 = [hklw(Fobs-Fcalc)2/hklwF2obs]1/2;
w = 1/2(Fobs); GOF = [hklw(Fobs-Fcalc)2/(ndata – nvari)]1/2.
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Figure 4.1. An ORTEP diagram of the molecular structure of Re2(CO)8(µ-H)(µ-η2-2,3C4H3S), 4.2, showing 25% thermal ellipsoid probability. Selected interatomic bond
distances (Å) are as follow: Re(1)-Re(2)=3.061(2), Re(1)-H(2)=1.910(5), Re(2)H(2)=1.781(5), Re(1)-C(2)=2.186(4), Re(2)-C(2)=2.474.(4), Re(2)-C(3)=2.623(4), C(2)C(3)=1.392(6), C(3)-C(4)=1.440(7), C(4)-C(5)=1.338(8), S(1)-C(5)=1.704(6), S(1)C(2)=1.746(4).
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Figure 4.2. A plot of the 13C NMR spectra in the CO ligand region for compound 4.2
recorded in CD2Cl2 solvent.
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Figure 4.3. An ORTEP diagram of the molecular structure [Re2(CO)8(µ-H)]2(µ-η2-2,3-µη2-4,5-C4H2S), 4.3 showing 40% thermal ellipsoid probability. Selected interatomic bond
distances (Å) are as follow: for molecule 1: Re(1)-Re(2)=3.0558(3), Re(1)-H(2)=1.89(6),
Re(2)-H(2)=1.82(6), Re(3)-Re(4)=3.0549(3), Re(3)-H(5)=1.81(8), Re(4)-H(5)=1.90(7),
Re(1)-C(2)=2.157(5), Re(2)-C(2)=2.433(5), Re(2)-C(3)=2.561(5), Re(3)-C(5)=2.162(5),
Re(4)-C(5)=2.476(5), Re(4)-C(4)=2.543(5), S(1)-C(5)=1.761(5), S(1)-C(2)=1.771(5),
C(2)-C(3)=1.392(7), C(3)- C(4)=1.453(7), C(4)-C(5)=1.405(7); for molecule 2: Re(5)Re(6)=3.0453(3), Re(7)-Re(8)=3.0797(3), Re(5)-C(6)=2.167(5), Re(6)-C(6)=2.445(4),
Re(6)-C(7)=2.569(5), Re(7)-C(9)=2.158(5), Re(8)-C(9)=2.473(5), Re(8)-C(8)=2.520(5),
S(2)-C(6)=1.751(5), S(2)-C(9)=1.763(5), C6-C7=1.394(7), C7-C8=1.464(7), C(8)C(9)=1.392(7).
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Figure 4.4. An ORTEP diagram of the molecular structure of Re(CO)4[η5-µ-η2SCC(H)C(H)C(H)]Re(CO)3[Re2(CO)8(µ-H)], 4.4 showing 50% thermal ellipsoid
probability. Selected interatomic bond distances (Å) are as follow: Re(1)Re(2)=3.29628(18), Re(1)-H(2)=1.73(4), Re(2)-H(2)=1.92(4), Re(1)-S(1)=2.4831(7),
Re(2)-C(2)=2.190(3), Re(3)-C(5)=2.192(3), Re(3)-S(1)=2.4629(7), Re(4)-C(4)=2.296(3),
Re(4)-C(3)=2.317(3), Re(4)-C(2)=2.392(3), Re(4)-C(5)=2.467(3), Re(4)-S(1)=2.4971(7),
S(1)-C(2)=1.796(3), C(2)-C(3)=1.400(4), C(3)-C(4)=1.458(4), C(4)-C(5)=1.379(4).
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Figure 4.5. An ORTEP diagram of the molecular structure of Re(CO)4[η5-µ-η2SC(H)C(H)C(H)C(H)]Re(CO)3, 4.5 showing 60% thermal ellipsoid probability. Selected
interatomic bond distances (Å) are as follow: Re(1)-S(1a)=2.4826(8), Re(1)-C(5a)=
2.198(7), Re(2)-C(2a)= 2.281(4), Re(2)-C(3a)=2.300(5), Re(2)-S(1a)=2.5183(9), Re(2)C(4a)=2.289(4), Re(2)-C(5a)=2.460(8), S(1)-C(2a)=1.754(4), C(2a)-C(3a)=1.398(5),
C(3a)-C(4a)= 1.456(5), C(4a)-C(5a)=1.362(8).
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Figure 4.6. Selected molecular orbitals of thiophene including the (HOMO - HOMO-3)
of thiophene, ISO value equal 0.03. The energy in eV is given under the orbital. Atom
color code: S = Yellow, C = Gray, H = white.
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Figure 4.7. Selected molecular orbitals for 4.3 including the (HOMO, HOMO-1,
HOMO-8, HOMO-12 and the HOMO-19 a view from the top). ISO value equals 0.03.
The energy in eV is also given under the orbital. Atom color code: Re = Orange, S =
Yellow, O = Red, C = Gray, H = White.
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Figure 4.8. Selected molecular orbitals for compound 4.4, ISO value equal 0.04. Energy
in eV is given under the orbital. Atom color code: Re = Orange, S = Yellow = C, O =
Red, C = Gray.
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Scheme 4.1. Multiple additions of triosmium carbonyl clusters to furan.
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Scheme 4.2. Multiple CH activation reaction of 4.1 with itself.
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Scheme 4.3. A mechanism to explain the dynamical averaging of the CO ligands in 4.2
observed by 13C NMR spectroscopy.
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Scheme 4.4. A possible pathway for the transformation of 4.3 to 4.4.
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CHAPTER 5
AROMATIC C-H BOND ACTIVATIONS OF FURAN AND 2,5DIMETHYLFURAN BY DIRHENIUM CARBONYL COMPLEXES4

4

Adams, Richard D.; Dhull, Poonam and Smith, Mark D., manuscript in preparation
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5.1 Introduction
The activation of C-H bonds in arenes and heteroarenes have gained immense
popularity over the decades, as they play an important role in discoveries of new synthetic
routes

1–7

. Oxygen-containing five membered heteroarenes, such as furans are biomass

derived compounds which serve as the starting materials or intermediates for the synthesis
of higher value products including biofuels 8–14. In recent studies by our group, we reported
multiple additions of triosmium carbonyl clusters to furan leading to formation of first
“furdiyne” ligand by complete removal of hydrogen from the ring which ultimately led to
opening of the five-membered ring

15

. We have also shown that the dirhenium carbonyl

complex, Re2(CO)8(-C6H5)(-H), is very effective at C-H bond activation in aromatic
compounds 16–19. 2,5-dimethylfuran (DMF) is not only a potential biofuel, it also serves as
a scavenger of singlet oxygen via Diels Alders reaction

20–25

. To our knowledge, there

aren’t any known examples of aromatic C-H bond activation of DMF.
Herein, we report aromatic C-H activations of furan and 2,5-dimethyl furan using
dirhenium carbonyl complexes via oxidative addition around the C-C double bond leading
to the formation of some interesting new dirhenium carbonyl complexes under very mild
conditions.
5.2 Experimental Section
General Data
All reactions were performed under a nitrogen atmosphere. Reagent grade solvents
were dried by the standard procedures and were freshly distilled prior to use. Infrared
spectra were recorded on a Nicolet IS10 Midinfrared FT-IR spectrophotometer. 1H NMR
was recorded on a Varian Mercury 300 spectrometer operating at 300 MHz, respectively.
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Mass spectrometric (MS) measurements performed by a direct-exposure probe by using
electron impact ionization (EI) were made on a VG 70S instrument. Re2(CO)10, furan and
2,5-dimethylfuran (DMF) were obtained from STREM and Sigma Aldrich and used
without further purification. Re2(CO)8(µ-H)[µ-η2-C(H)=C(H)Bun] and Re2(CO)8(μC6H5)(μ-H), 1 were prepared according to previously reported procedures26,27. Product
separations were performed by TLC in air on Analtech 0.25 and 0.5 mm silica gel 60 Å
F254 glass plates.
Reaction of Re2(CO)8(μ-C6H5)(μ-H) with furan.
30.0 mg (0.044 mmol) of Re2(CO)8(μ-C6H5)(μ-H) and 16 µL (0.22 mmol) of furan
were dissolved in 1.6 mL CD2Cl2 in a 5 mm NMR tube. The NMR tube was evacuated and
filled with nitrogen. The NMR tube was then heated to 40 oC for 24 h. A 1H NMR spectrum
obtained after this period showed new hydride resonances at  = -12.96 and -13.54. The
contents were then transferred to a vial and solvent was removed in vacuo. The residue was
extracted in CH2Cl2 and separated by TLC by using hexane to give a major yellow band of
18.0 mg of Re2(CO)8(µ-η2-2,3-C4H3O)(µ-H), 5.1, 61% yield and minor yellow band of 8.0
mg of Re2(CO)8(µ-η2-3,2-C4H3O)(µ-H), 5.2, 27% yield. Spectral data for 5.1: IR νCO (cm1

in CH2Cl2): 2115(w), 2089(m), 2020(vs), 1997(sh), 1965(s). 1H NMR (CD2Cl2,  in ppm):

8.05-8.06 (d, 1H, 3J = 2.1 Hz), 6.56-6.57 (d, 1H, 3J = 2.7 Hz), 6.51-6.52 (d-d, 1H, 3J = 2.4
Hz) -12.96 (s, 1H, H2, hydride). Mass Spec. EI/MS m/z: 664, M+, 636, M+-CO. Spectral
data for 5.2: IR νCO (cm-1 in CH2Cl2): 2114(w), 2085(m), 2016(vs), 1991(sh), 1968(s). 1H
NMR (CD2Cl2,  in ppm): 7.54 (s, 1H), 7.39 (s, 1H), 6.83 (s, 1H), -13.54 (s, 1H, H3,
hydride). Mass Spec. EI/MS m/z: 664, M+, 636, M+-CO.
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Reaction of Re2(CO)8(µ-H)[µ-η2-C(H)=C(H)Bun] with furan.
120.0 mg (0.176 mmol) of Re2(CO)8(µ-H)[µ-η2-C(H)=C(H)Bun] and 0.26 mL
(3.52 mmol) of furan were dissolved in 25 mL of toluene. The solution was then heated to
reflux for 9 h. The solution was then cooled, and the solvent was removed in vacuo. The
residue was extracted in CH2Cl2 and separated by TLC by using hexane to give major
yellow band of 80.0 mg of 5.1, 69% yield and minor yellow band of 6.0 mg of [Re2(CO)8(µH)]2(µ-η2-2,3-µ-η2-4,5-C4H2O) 5.3, 3% yield. Spectral data for 5.3: IR νCO (cm-1 in CH2Cl2):

2113(w), 2092(m), 2027(vs), 1999(sh), 1972(s). 1H NMR (CD2Cl2,  in ppm): 5.97 (s,

2H, H3, H4), -13.39 (s, 2H, H2, H5, hydrides). Mass Spec. EI/MS m/z: 1262, M+, 1234,
M+-CO.
Synthesis of 5.3 from Re2(CO)8(µ-H)[µ-η2-C(H)=C(H)Bun] and 5.1.
45.0 mg (0.066 mmol) of Re2(CO)8(µ-H)[µ-η2-C(H)=C(H)Bun] and 30.0 mg (0.045
mmol) of 5.1 were dissolved in 25 mL of toluene. The solution was then heated to reflux
for 15 h. The solution was then cooled, and the solvent was removed in vacuo. The residue
was extracted in CH2Cl2 and separated by TLC by 4:1 hexane/methylene chloride(v/v)
solvent mixture to give a yellow band of 5.3, 24.0 mg, 84% yield.
Synthesis of 5.3 from Re2(CO)8(μ-C6H5)(μ-H) and 5.1.
40.0 mg (0.059 mmol) of Re2(CO)8(μ-C6H5)(μ-H) and 40.0 mg (0.06 mmol) of 5.1,
were dissolved 25 mL of methylene chloride. The solution was then heated to reflux for 10
h. The solution was then cooled, and the solvent was removed in vacuo. The residue was
extracted in CH2Cl2 and separated by TLC by 4:1 hexane/methylene chloride(v/v) solvent
mixture to give a yellow band of 5.3, 30.0 mg, 79% yield.
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Reaction of Re2(CO)8(μ-C6H5)(μ-H) with 2,5-dimethylfuran.
30.0 mg (0.044 mmol) of Re2(CO)8(μ-C6H5)(μ-H) and 0.1 mL (0.926 mmol) of 2,5dimethylfuran, (CH3)2C4H2O were dissolved in 1.6 mL CD2Cl2 in a 5 mm NMR tube. The
NMR tube was evacuated and filled with nitrogen. The NMR tube was then heated to 40
o

C for 20 h. A 1H NMR spectrum obtained after this period showed a new hydride

resonance at  = -12.50. The contents were then transferred to a flask and solvent was
removed in vacuo. The residue was extracted in CH2Cl2 and separated by TLC by using
hexane solvent to give the major yellow band of [Re2(CO)8(µ-η2-2,3-(CH3)2C4H2O)](µ-H),
5.4, 20.0 mg, 65% yield. Spectral data for 5.4: IR νCO (cm-1 in CH2Cl2): 2118(w), 2083(m),
2008(vs), 1989(sh), 1957(s). 1H NMR (CD2Cl2,  in ppm): 6.22 (s, 1H, H4), 2.50 (s, 3H,
methyl group), 2.12 (s, 3H, methyl group), -12.50 (s, 1H, H3, hydride). Mass Spec. EI/MS
m/z: 692, M+, 664, M+-CO.
Crystallographic Analyses
Yellow single crystals of 5.2-5.4 suitable for X-ray diffraction analyses were
obtained by slow evaporation of solvent from a solution in pure hexane at 15 °C. Each data
crystal was glued onto the end of a thin glass fiber. X-ray intensity data from the crystals
were collected at 100(2) K using a Bruker D8 QUEST diffractometer equipped with a
PHOTON-100 CMOS area detector and an Incoatec microfocus source (Mo K radiation,
 = 0.71073 Å). The data collection strategy consisted of four 180° ω-scans at different φ
settings and two 360° φ-scans at different ω angles, with a scan width per image of 0.5°.
The crystal-to-detector distance was 5.0 cm and each image were measured for 3 s with the
detector operated in shutterless mode. The average reflection redundancy was 27.0. The
raw area detector data frames were reduced, scaled and corrected for absorption effects
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using the SAINT28 and SADABS29 programs. An empirical absorption correction based on
the multiple measurement of equivalent reflections were applied using the program
SADABS. All structures were solved by a combination of direct methods and difference
Fourier syntheses, and refined by full-matrix least-squares on F2 by using the SHELXTL
software packages.30 All non-hydrogen atoms were refined with anisotropic displacement
parameters.

Hydrogen atoms were placed in geometrically idealized positions and

included as standard riding atoms during the least-squares refinements. Crystal data and
results of the structural refinements are given in Table 5.1.
5.3 Results and Discussion
The reaction of Re2(CO)8(μ-C6H5)(μ-H) with furan in CH2Cl2 at 40 oC for 20 h
yielded two new isomeric dirhenium compounds Re2(CO)8(µ-η2-2,3-C4H3O)(µ-H), 5.1 and
Re2(CO)8(µ-η2-3,2-C4H3O)(µ-H), 5.2 in 61% and 27% yield, respectively, see scheme 5.1.
Both products were characterized by a combination of IR, NMR and mass spectrometry,
and a single-crystal X-ray diffraction analysis of compound 5.2. An ORTEP diagram of
molecular structure of compound 5.2 is shown in Fig. 5.1.
Compound 5.2 contains a µ-η2-furyl ligand formed by the reductive elimination of
benzene from Re2(CO)8(μ-C6H5)(μ-H) and oxidative addition of C-H bond at the β-position
of the furan to the dirhenium unit. The C2-C3 double bond is coordinated to Re1 and Re2
in the σ+π coordination mode, making both rhenium atoms electronically saturated with
18-electrons each.
The coordinated double bond C2-C3 = 1.383(11) Å, as expected has increased in
length compared to that of free molecule, C=C = 1.322(6) Å. Re1-Re2 = 3.0516(4) Å has
lengthened and is comparable to saturated bond in Re2(CO)10, Re-Re = 3.0413(11) Å. The
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uncoordinated bonds remain mostly unaffected and are almost same as those in the free
furan molecule26. Compound 5.2 also contains one bridging hydrido ligand H3 at -13.39
ppm. We believe compound 5.1 has similar structure as compound 5.2, as indicated by the
similarities in their IR and 1H NMR spectra. In addition, they have same pattern for mass
spectrometry, EI/MS m/z: 664, M+, 636, M+-CO, further providing strong evidence.
Compound 5.1 can also be obtained from reaction of Re2(CO)8(µ-H)[µ-η2C(H)=C(H)Bun] with furan (excess) as a major isomeric product (69% yield) along with
small amount of [Re2(CO)8(µ-H)]2(µ-η2-2,3-µ-η2-4,5-C4H2O) 5.3 (3% yield) when heated
to reflux in toluene for 9 h. Interestingly, compound 5.3 can be synthesized in higher yield
(84%) by addition of another Re2(CO)8 unit via Re2(CO)8(μ-C6H5)(μ-H) or Re2(CO)8(µH)[µ-η2-C(H)=C(H)Bun] to compound 5.1 in CH2Cl2 or in toluene solvent at reflux
respectively, see scheme 5.2.
The molecular of compound 5.3 was confirmed by a single-crystal X-ray diffraction
analysis and an ORTEP diagram of its molecular structure is shown in Figure 5.2.
Compound 5.3 contains two activated CH bonds of the furan molecule, one at the 2position 2 and one at the 5-position leading to formation of first furdiyl ligand bridged
between two HRe2(CO)8 groups. Both previous “double” bonds of furan molecule are
coordinated to HRe2(CO)8 subunit of the complex in η1-η2-(σ+π) mode. Its structure
resembles that of thiendiyl compound, [Re2(CO)8(µ-H)]2(µ-η2-2,3-µ-η2-4,5-C4H2S) which
has same kind of coordination mode to the dimetaleted thiophene ligand.
The two hydrido ligands in compound 5.3 are equivalent because of presence of the
C2 molecular symmetry, thus giving only a singlet resonance in the 1H NMR spectrum, 13.39 ppm. All of the bonds in the coordinated furdiyl ligands have increased in length
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compared to the free furan molecule, as a result of diminished π-bonding character between
the carbon atoms in the ring system.
Finally, reaction of Re2(CO)8(μ-C6H5)(μ-H) with 2,5-dimethylfuran (DMF)
yielded [Re2(CO)8(µ-η2-2,3-(CH3)2C4H2O)](µ-H) 5.4 in 65% yield, after 20 h at 40oC by
the loss of benzene from Re2(CO)8(μ-C6H5)(μ-H) and the addition of a Re2(CO)8 unit to
the DMF. Compound 5.4 was characterized by single-crystal X-ray diffraction analysis
along with IR, 1H NMR and mass spectrometry. An ORTEP drawing of the molecular
structure of 5.4 is shown in Figure 5.3. The structure of 5.4 is similar to that of Re2(CO)8(μC6H5)(μ-H) and contains bridging hydrido ligand and C-coordinated η1-bridging 2,5dimethylfuryl ligand. The Re-Re (Re1-Re2 = 3.0058(15) Å) bond is only slightly longer
that of Re2(CO)8(μ-C6H5)(μ-H) (Re-Re2 = 2.9924(3) Å. The bond distances in the 2,5dimethylfuryl ligand are comparable to compound 5.2 (see figure 2). Unlike compound
5.2, the Re(2)…C(2) distance in 5.4 is very long, 2.880(2) Å, and is a best only very weakly
bonding in this molecule. This may be due to steric interactions between the methyl group
on C(2) and one of the carbonyl ligands on the rhenium atom Re2.
5.4 Conclusions
In this work, we have shown that furan undergoes facile CH bond activation not
only at α (2) position but also at β (3) position (first example) on reaction with Re2(CO)8(μC6H5)(μ-H) to give the compounds 5.1 and 5.2 under very mild conditions. Compound 5.1
on reaction with a second equivalent of Re2(CO)8(μ-C6H5)(μ-H) yielded compound 5.3
with a second CH activation at 5-position leading to formation of first “furdiyl” ligand.
Also we reported the first example of aromatic CH activation in 2,5-dimethylfuran ring
upon reaction with Re2(CO)8(μ-C6H5)(μ-H) to yield compound 5.4.
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Table 5.1. Crystal data, data collection parameters for compounds 5.2-5.4.
Compound

2

3

4

Empirical formula

Re2O9C12H4

Re4O17C20H4

Re2O9C14H8

Formula weight

664.55

1261.03

692.60

Crystal system

Triclinic

Orthorhombic

Monoclinic

a (Å)

7.467(5)

20.071(10)

8.814(3)

b (Å)

8.233(5)

9.223(4)

10.740(4)

c (Å)

14.014(9)

14.556(8)

18.235(7)

α (deg)

101.928(10)

90.00

90.00

β (deg)

96.883(10)

90.00

96.399(10)

γ (deg)

109.789(10)

90.00

90.00

V (Å3)

776.15(9)

2694.6(2)

1715.39(11)

Space group

P-1

Pca2(1)

P2(1)/c

Z value

2

4

4

ρcalc (g/cm3)

2.844

3.108

2.682

μ (Mo Kα) (mm-1)

15.624

17.989

14.145

Temperature (K)

294(2)

100(2)

100(2)

2θmax(°)

56.54

60.06

70.22

No. Obs. (I>2σ(I))

6565

9212

9594

No. Parameters

209

384

233

Goodness of fit (GOF)

1.08

1.204

1.169

0.002

0.003

Lattice parameters

Max.

shift/error

on 0.002

final cycle
Residuals*: R1; wR2

0.0463; 0.1180

0.0104; 0.0245

0.019; 0.0389

Absorption Corr.,

Multi-Scan

Multi-Scan

Multi-Scan

Max/min

1.000/0.343

0.120/0.236

0.1078/0.0409

Largest peak in Final 3.146
0.352
1.157
Diff. Map (e-/Å3)
a
R1 = hkl(Fobs-Fcalc)/hklFobs; wR2 = [hklw(Fobs-Fcalc)2/hklwF2obs]1/2;
w = 1/2(Fobs); GOF = [hklw(Fobs-Fcalc)2/(ndata – nvari)]1/2.
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Figure 5.1. An ORTEP diagram of the molecular structure of Re2(CO)8(µ-η2-3,2C4H3O)(µ-H), 5.2, showing 25% thermal ellipsoid probability. Selected interatomic bond
distances(Å) are as follow: Re(1)-Re(2)=3.0516(4), Re(1)-H(3)=1.79(3), Re(2)H(3)=1.81(3), Re(1)-C(3)=2.192(8), Re(2)-C(3)=2.462(8), Re(2)-C(2)=2.564(7), O(1)C(2)=1.363(9), O(1)-C(5)=1.374(12), C(2)-C(3)=1.383(11), C(3)-C(4)=1.445(11), and
C(4)-C(5)=1.333(13).
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Figure 5.2. An ORTEP diagram of the molecular structure of [Re2(CO)8(µ-H)]2(µ-η22,3-µ-η2-4,5-C4H2O) 5.3, showing 50% thermal ellipsoid probability. Selected
interatomic bond distances(Å) are as follow: Re(1)-Re(2)=3.0902(2), Re(1)H(2)=1.83(4), Re(2)-H(2)=1.92(4), Re(1)-C(2)=2.132(4), Re(2)-C(2)=2.453(3), Re(2)C(3)=2.462(4), Re(3)-Re(4)=3.0825(3), Re(3)-H(5)=1.89(6), Re(4)-H(5)=1.83(6), Re(4)C(5)=2.455(4), Re(4)-C(4)=2.472(4), O(1)-C(2)=1.407(5), O(1)-C(5)=1.409(4), C(2)C(3)=1.391(6), C(3)-C(4)=1.467(5) and C(4)-C(5)=1.383(6).
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Figure 5.3. An ORTEP diagram of the molecular structure of [Re2(CO)8(µ-η2-2,3(CH3)2C4H2O)](µ-H), 5.4, showing 60% thermal ellipsoid probability. Selected
interatomic bond distances(Å) are as follow: Re(1)-Re(2)=3.00580(15), Re(1)H(3)=1.79(3), Re(2)-H(3)=1.83(3), Re(1)-C(3)=2.225(2), Re(2)-C(3)=2.388(2), Re(2)C(2)=2.880(2), O(1)-C(2)=1.366(3), O(1)-C(5)=1.387(3), C(1)-C(2)=1.490(3), C(2)C(3)=1.390(3), C(3)-C(4)=1.474(3), C(4)-C(5)=1.337(3) and C(5)-C(6)=1.484(3).
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Scheme 5.1. A schematic of the synthesis of the compounds 5.1 and 5.2 from
Re2(CO)8(μ-C6H5)(μ-H). CO ligands on the Re atoms are represented only as lines.

Scheme 5.2. Schematic of the various syntheses of the compound 5.3. CO ligands on the
Re atoms are represented only as lines.
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CHAPTER 6
FORMYL C-H ACTIVATION IN N,N-DIMETHYLFORMAMIDE BY
A DIRHENIUM CARBONYL COMPLEX5

5

Adams, Richard D.; Dhull, Poonam; J. Organomet. Chem. 2017, 850, 228-232.
Reprinted here with permission from publisher
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6.1 Introduction
The activation of C-H bonds by metal atoms has received much attention over the
last few decades. Most studies have been focused on the activation of aliphatic1 and
aromatic2 CH bonds. Today, there are a variety of metal complexes that can functionalize
aromatic compounds catalytically by CH activation processes3. Comparatively, little
attention has been paid to the activation of formyl, HC=O, C-H bonds as found in
aldehydes, HC(=O)R4, formates, HC(=O)OR and formamides, HC(=O)NR25 although
such activations are implicit in the catalytic reactions known as hydroacylation6,
hydroesterification7 and hydrocarbamoylation8. The formation of metal complexes
containing formamido ligands by the activation of the formyl C-H bonds of formamide
compounds are very rare and Bercaw and Labinger reported that DMF reacts with
[AsPh4][Ir(CO)2I2] to yield the compound [AsPh4][Ir(CO)(κ2-CH2N(CH3)CHO)Cl2I] by
CH activation at one of the N-methyl groups9.
In recent studies, we have shown that dirhenium complex Re2(CO)8)(μ-H)(μ-Ph) is
capable of engaging aromatic substitution reactions under mild conditions by performing
aromatic C-H activation10. To extend our studies of C-H bond activation reactions at
dirhenium centers, we have now investigated the reactions of the hexenyl ligand-bridged
compound Re2(CO)8[μ-η2-C(H)=C(H)Bun](μ-H), 6.1 with N,N-dimethylformamide
(DMF). The reaction of Re2(CO)8[μ-η2-C(H)=C(H)Bun](μ-H), 6.1 with DMF at 70 oC for
6h yielded three new compounds: Re2(CO)8(µ-2-O=CNMe2)(µ-H), 6.2, (16% yield),
Re2(CO)7(NHMe2)(µ-2-O=CNMe2)(µ-H), 6.3, (30% yield), Re2(CO)9(NHMe2), 6.4 (14%
yield). Compounds 6.2 and 6.3 contain a C,O-2-bridging formamido (O=CNMe2) ligand
and a bridging hydrido ligand that were formed by the elimination of hexene from 6.1 and
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the oxidative addition of the formyl C-H bond of the DMF to the dirhenium group of 6.1.
Compound 6.3 contains an NHMe2 ligand that was apparently formed by the
decarbonylation of DMF and the transfer of the formyl hydrogen atom to the NMe2 residue.
Compound 6.4 contains a similarly formed NHMe2 ligand. All new compounds were
characterized by single-crystal X-ray diffraction analyses. Details of our studies of these
reactions are reported herein.

6.2 Experimental
General Data
Reagent grade solvents were dried by the standard procedures and were freshly
distilled prior to use. Infrared spectra were recorded on a Nicolet IS10 Midinfrared FT-IR
spectrophotometer.

1

H NMR was recorded on a Varian Mercury 300 spectrometer

operating at 300 MHz respectively. Mass spectrometric (MS) measurements performed by
a direct-exposure probe using electron impact ionization (EI) were made on a VG 70S
instrument. Re2(CO)10 obtained from STREM and was used without further purification.
Anhydrous N,N-dimethylformamide (DMF) was purchased from Sigma Aldrich and was
used without further purification. Dimethylamine in a 2M tetrahydrofuran solution was
purchased from Sigma Aldrich. Re2(CO)8[μ-η2-C(H)=C(H)Bun](μ-H), 6.111 and
Re(CO)9(NCMe)12 was prepared according to previously reported procedures. Product
separations were performed by TLC in air on Analtech 0.25 and 0.5 mm silica gel 60 Å
F254 glass plates.
Reaction of Re2(CO)8[μ-η2-C(H)=C(H)Bun](μ-H), 6.1 with DMF.
50.0 mg (0.0735 mmol) of 6.1 was dissolved in 0.80 mL benzene-d6 in a 5 mm
NMR tube. 30 L (0.384 mmol) of DMF were added and the NMR tube was briefly
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evacuated and then filled with nitrogen. The NMR tube was then heated to 70 oC for 6 h.
A 1H NMR spectrum obtained after this period showed several new hydride resonances,
see below, including a resonance at  = -5.66 which is attributed to HRe(CO)513. The
contents were then put into a flask and the solvent was removed in vacuo. The residue was
dissolved in CH2Cl2 and separated by TLC by using a 70:30 hexane/CH2Cl2 (v/v) solvent
mixture to yield in the order of elution: 8.0 mg of Re2(CO)8(µ-2-O=CNMe2)(µ-H), 6.2,
(16% yield); 15.0 mg of Re2(CO)7(NHMe2)(µ-2-O=CNMe2)(µ-H), 6.3, (30% yield); 7.0
mg of Re2(CO)9(NHMe2), 6.4, (14% yield); 9.0 mg of Re2(CO)10 (19% yield), and 8.0 mg
(9% yield) of the known compound [Re(CO)3(µ3-OH)]4, 6.514. Spectral data for 6.2: IR νCO
(cm-1 in CH2Cl2): 2112(w), 2089(s), 2013(vs), 1992(sh), 1948(s). 1H NMR (CD2Cl2,  in
ppm) 3.11 (s, 3H, N-CH3), 2.88 (s, 3H, N-CH3), -14.03 (s, 1H, hydride). Mass Spec. EI/MS
m/z. 669, M+, plus ions for the loss of each of the 8 CO ligands. The isotope distribution
patterns of the ions are consistent with the presence of two rhenium atoms. Spectral data
for 6.3: IR νCO (cm-1 in CH2Cl2): 2094(m), 2020(vs), 2004(m), 1978(s), 1949(m), 1911(s),
1896(sh). 1H NMR (CD2Cl2,  in ppm) 3.14 (s, 3H, N-CH3), 3.01 (d, CH3, 3J = 6.3 Hz),
2.92 (s, 3H, N-CH3), 2.85 (d, CH3, 3J = 6.3 Hz), -11.44 (s, 1H, hydride). Mass Spec. EI/MS
m/z. M+= 686, M+-1CO = 658. The isotope distribution pattern is consistent with the
presence of two rhenium atoms. Spectral data for 6.4: IR νCO (cm-1 in CH2Cl2): 2101(w),
2039 (s), 2009(w), 1981 (vs), 1954(w), 1916(m).

1

H NMR (CD2Cl2,  in ppm) 2.96 (d,

6H, 2NCH3, 3J = 5.7 Hz). Mass Spec. EI/MS m/z. M+ = 669 with an isotope distribution
pattern consistent with the presence of two rhenium atoms.
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Reaction of 6.1 with excess DMF.
150.0 mg (0.22 mmol) of 6.1 dissolved in a mixture of DMF (5 mL) and heptane
(45 mL). The solution was then heated to reflux for 20 min. The solution was cooled, and
the solvent was then removed in vacuo. The residue was extracted in CH2Cl2 and separated
by TLC by using a 4:1 hexane/CH2Cl2 (v/v) solvent mixture to give a 6.3, 78.0 mg (51%
yield), 6.4, 10.0 mg (7% yield) along with Re2(CO)10, 35.0 mg (24% yield) and 6.5, 30.0
mg (12% yield).
Addition of CO to 6.3.
75.0 mg (0.109 mmol) of 6.3 was dissolved in 35 mL of benzene. The solution was
then heated to reflux for 1 h in the presence of a slow purge of CO gas. After this period, a
light-yellow solution formed, and the solvent was then removed in vacuo. The residue was
extracted in CH2Cl2 and separated by TLC by using a 70:30 hexane/CH2Cl2 (v/v) solvent
mixture to give 60.0 mg of 6.2 (82% yield).
Reaction of 6.2 with DMF.
25.0 mg (0.037 mmol) of 6.2 and 28.0 µL (0.37 mmol) of DMF were dissolved in
0.8 mL toluene-d8 in a 5 mm NMR tube. The NMR tube was evacuated and then filled with
nitrogen. The NMR tube was then allowed to stand for 3 days at 60 oC. Solvent was then
removed in vacuo. The residue was extracted in CH2Cl2 and separated by TLC by using a
70:30 hexane/CH2Cl2 (v/v) solvent mixture to give compounds: 6.3, 8.0 mg (32% yield);
6.4, 3.0 mg (12% yield); Re2(CO)10, 7.0 mg (28% yield) and 6.5, 5.00 mg (11% yield).
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Pyrolysis of 6.2.
To study the effect of presence of DMF on 6.2, this comparative experiment was
performed. 20.0 mg (0.030 mmol) of 6.2 was dissolved in 0.8 mL toluene-d8 in a 5 mm
NMR tube. The NMR tube was evacuated and filled with N2 gas. The NMR tube was then
heated to 60 oC for 3 days. A 1 H NMR spectrum taken after this period showed only half
of 6.2 was transformed. The solvent was then removed in vacuo. The residue was extracted
in CH2Cl2 and separated by TLC by using a 70:30 hexane/CH2Cl2 (v/v) solvent mixture to
give compounds: 6.3, 3.00 mg (15% yield); Re2(CO)10, 4.00 mg (21% yield) and 6.5, 2.00
mg (6% yield). 9.00 mg of 6.2 was also recovered.
Alternative Synthesis of 4. Reaction of Re2(CO)9(NCMe) with Me2NH.
70.0 mg (0.105 mmol) of Re2(CO)9(NCMe) was dissolved in 25 mL of hexane. To
this solution, 40 µL (0.755 mmol) of dimethylamine from a 2M solution in tetrahydrofuran
was added. The solution was then heated to reflux for 2h to form a light-yellow solution.
The solvent was removed in vacuo and the residue was extracted in CH2Cl2 and separated
by TLC by using a 70:30 hexane/CH2Cl2 (v/v) solvent mixture to yield 60.00 mg of
Re2(CO)9(NHMe2), 6.4 (85% yield).
Crystallographic Analyses
Single crystals of compounds 6.2-6.4 suitable for x-ray diffraction analyses were
obtained by slow evaporation of solvent from solutions of the pure compounds in hexane
solvent at room temperature. Each data crystal was glued onto the end of a thin glass fiber.
X-ray intensity data were measured by using a Bruker SMART APEX CCD-based
diffractometer by using Mo Kα radiation (λ = 0.71073 Å). The raw data frames were
integrated with the SAINT+ program by using a narrow-frame integration algorithm15.
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Correction for Lorentz and polarization effects were also applied with SAINT+. An
empirical absorption correction based on the multiple measurements of equivalent
reflections was applied by using the program SADABS were applied in each analysis. All
structures were solved by a combination of direct methods and difference Fourier
syntheses, and refined by full-matrix least squares refinement on F2 by using the
SHELXTL software package16. All non-hydrogen atoms were refined with anisotropic
thermal parameters. All hydrogen atoms were placed in geometrically idealized positions
and were included as standard riding atoms during the final least-squares refinements with
C-H distances fixed at 0.96 Å. The hydride ligands bonded to the metal atoms in 6.2 and
6.3 were located and refined in each analysis. Compounds 6.2 and 6.4 crystallized in the
triclinic crystal system. The space group P-1 was assumed and confirmed by the successful
solution and refinement of each structure. Compound 6.4 contains two independent
formula equivalents of the complex in the asymmetric crystal unit. Both molecules have
similar molecular structures. Compound 6.3 crystallized in the monoclinic crystal system.
The space group P21/n was identified on the basis of systematic absences observed in the
intensity data. Crystal data, data collection parameters, and results for the analyses are
listed in Table 6.1.
6.3 Results and Discussion
The reaction of 6.1 with DMF at 70 oC for 6 h yielded three new dirhenium
compounds: Re2(CO)8(µ-2-O=CNMe2)(µ-H), 6.2, (16% yield), Re2(CO)7(NHMe2)(µ-2O=CNMe2)(µ-H), 6.3, (30% yield), Re2(CO)9(NHMe2), 6.4, (14% yield). Re2(CO)10 (19%
yield) and [Re(CO)3(OH)]4, 6.5 (9% yield) were also found in the reaction mixtures.
Compound 6.5 was most likely derived from the reaction of 6.5 with traces of H2O present
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in the DMF reagent11. The yield of 6.3 was increased at the expense of 6.2 and 6.4 when
the ratio of DMF/1 in the reaction was increased. In the presence of a large excess of DMF,
no 6.2 was obtained at all. It was subsequently shown that compound 6.3 can be directly
from 6.2 by reaction with DMF (32% yield) after 3 d at 60 oC. Conversely, compound 6.2
was obtained from 6.3 in a good yield (82%) by reaction with CO (1 atm) in a benzene
solution at reflux for 1 h.
Compounds 6.2-6.4 were characterized by a combination of IR, 1H NMR, mass
spectrometry and single crystal X-ray diffraction analysis. An ORTEP diagram of the
molecular structure of 6.2 is shown in Figure 6.1. Compound 6.2 contains two Re(CO)4
groups joined by a Re – Re bond that is C,O-bridged by a dimethylformamido ligand,
O=CNMe2, and a bridging hydrido ligand,  = -14.03; Re1 - O1 = 2.133(3) Å, Re2 - C1 =
2.191(5) Å, C1 – O1 = 1.298(5) Å and Re1 - H1 = 1.88(5) Å, Re2 - H1 = 1.78(5) Å.
Compound 6.2 formally contains a Re – Re single bond, but Re – Re bond distance, Re1 –
Re2 = 3.2215(3) Å, is significantly longer than the Re – Re single bond distance in
Re2(CO)10, 3.041(1) Å [17]. The lengthening of the Re – Re bond can be attributed to the
presence of the bridging hydrido ligand18. Kreiter reported a similar compound
Re2(CO)8(µ-2-O=CMe)(µ-H) obtained in a low yield from the photolysis of Re2(CO)10 in
the presence of acetaldehyde which has a Re – Re bond distance, 3.208(1) Å [4q] similar
to that of 6.2.
An ORTEP diagram of the molecular structure of 6.3 is shown in Figure 6.2.
Compound 6.3 is an NHMe2 derivative of 6.2. Compound 6.3 also contains a Re – Re bond
that is C,O-bridged by a dimethylformamido ligand, O=CNMe2, and a bridging hydrido
ligand,  = -11.44. A NHMe2 ligand coordinated to rhenium atom Re(1) in a site cis to the
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O atom of the dimethylformamido ligand, Re1 – N2 = 2.238(10) Å. The Re – Re bond
distance in 6.3 is similar to that in 6.2, Re1 – Re2 = 3.2330(5) Å. The NHMe2 ligand was
presumably formed by decarbonylation of the dimethylformamido ligand in 6.2. When
compound 6.2 was pyrolyzed in solution at 60 oC, small amounts of 6.3 (15% yield) were
obtained together with Re2(CO)10 and some 6.5.
An ORTEP diagram of the molecular structure of 6.4 is shown in Figure 6.3. There
are two independent molecules in the asymmetric crystal unit of 6.4. Compound 6.4 is a
NHMe2 derivative of Re2(CO)10. The NHMe2 ligand occupies a coordination site cis to the
Re – Re bond, Re1 – N1 = 2.282(7) Å [Re3 - N2 = 2.271(6) Å]; N1 - Re1 - Re2 = 92.47(19)
o

[N2 - Re3 - Re4 = 92.57(17)o]. The Re – Re bond distance in 6.4, Re1 – Re2 = 3.0482(4)

Å [Re3 - Re4 = 3.0488(4) Å], is very similar to that in Re2(CO)10, 3.041(1) Å17. Compound
6.4 was also obtained independently in 85% yield from the reaction of Re2(CO)9(NCMe)
with Me2NH by heating a solution of the two compounds in hexane solvent to reflux for
2h.

6.4 Conclusions
We have discovered the first example of a binuclear oxidation addition of a formyl
C-H bond of a formamide to yield a 2-bridging formamido ligand with the C atom bonded
to one metal atom and the O atom bonded to the other metal atom. The reactions, products
and their interrelationships are shown in Scheme 6.1. The mechanism of the reactions has
not yet been established. Hexene was eliminated from 6.1 when it was heated in the
presence of DMF and three new dirhenium products, compounds 6.2 – 6.4, were obtained.
Compound 6.2 contains a bridging C,O-2-formamido ligand formed by the activation of
the CH bond of DMF and the transfer of the formyl hydrogen atom to the rhenium atoms
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to form a bridging hydrido ligand. The formamido ligand serves as a three-electron donor
to the two rhenium atoms and the hydrido ligand serves as a one electron donor; thus with
34 valence electrons compound 6.2 is expected to contain a Re – Re single bond. This is
consistent the observed Re – Re distance, see above. Compound 6.3 also contains a
bridging C,O-2-formamido ligand and a bridging hydrido ligand, but it also contains a
NHMe2 ligand in the place of one of the CO ligands in 6.2.
The NHMe2 ligand was apparently formed by decarbonylation of the DMF,
presumably via the C-H activated C,O-2-formamido ligand followed by the return of the
hydrogen atom to the resultant NMe2 group. Metal complexes have been shown to
decarbonylate DMF5, 19, 20 via pathways that involve initial activation of the formyl C-H
bond

5, 19

. To support this, it was found compound 6.2 can be converted to 6.3 and 6.4

thermally in the absence of additional DMF, but the reaction proceeds better if DMF is
added to the reaction. Small amounts of Re2(CO)10, HRe(CO)5 and [Re(CO)3(OH)]4 were
also found in the reaction mixtures. These products are believed to be a result of reaction
of 6.1 and 6.2 with traces of water in the DMF reagent11.
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Table 6.1. Crystal data, data collection parameters for compounds 6.2, 6.3, and 6.4.
Compound
Empirical formula
Formula weight
Crystal system
Lattice parameters
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
γ (deg)
V (Å3)
Space group
Z value
ρcalc (g/cm3)
μ (Mo Kα) (mm-1)
Temperature (K)
2θmax(°)
No. Obs. (I>2σ(I))
No. Parameters
Goodness of fit (GOF)
Max. shift in cycle
Residuals:a R1; wR2
Absorption Correction,
Max/min

2
Re2O9NC11H7
669.58
Triclinic

3
Re2O8N2C12H14
686.65
Monoclinic

4
Re2O9NC11H7
669.58
Triclinic

7.6054(3)
9.7440(4)
11.7187(5)
82.801(1)
81.739(1)
73.812(1)
822.02(6)
P-1, No. 2
2
2.705
14.755
294(2)
56.62
4070
214
1.081
0.020
0.0248; 0.0519
Multi-Scan
1.000/0.432

7.6374(5)
18.5391(12)
13.4848(9)
90.00
103.230(1)
90.00
1858.6(2)
P21/n, No. 14
4
2.454
13.052
294(2)
50.06
3280
229
1.047
0.093
0.0344; 0.0854
Multi-Scan
1.000/0.374

9.4293(2)
12.9216(3)
14.8114(4)
70.199(1)
87.488(1)
80.331(1)
1673.66(7)
P-1, No. 2
4
2.657
14.493
294(2)
50.06
5922
427
1.011
0.001
0.0265; 0.0457
Multi-Scan
1.000/0.507

Largest peak Final
1.143
2.387
0.819
- 3
Diff. Map (e /Å )
*
R1= hkl(Fobs-Fcalc)/hklFobs; wR2 = [hklw(Fobs-Fcalc)2/hklwF2obs]1/2; w
= 1/2(Fobs); GOF = [hklw(Fobs-Fcalc)2/(ndata – nvari)]1/2.
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Figure 6.1. An ORTEP diagram of the molecular structure of Re2(CO)8[μ-2O=C(NMe2)](μ-H), 6.2 showing 25% thermal ellipsoid probability. Selected bond
distances (Å) and angles (o) are Re1 – Re2 = 3.2215(3), Re2 - C1 = 2.191(5), Re1 - O1 =
2.133(3), C1 – O1 = 1.298(5), C1 - N1 = 1.334(5), Re1 - H1 = 1.88(5), Re2 - H1 =
1.78(5); Re2 - C1 – O1 = 116.5(3), Re2 - C1 – N1 = 130.8(3), Re1 - O1 – C1 = 116.2(3).
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Figure 6.2. An ORTEP diagram of the molecular structure of Re2(CO)7(NHMe2)[μ-2O=C(NMe2)](μ-H), 6.3 showing 15% thermal ellipsoid probability. Hydrogen atoms have
been omitted for clarity. Selected bond distances (Å) and angles (o) are Re1 – Re2 =
3.2330(5), Re2 - C1 = 2.209(8), Re1 - O1 = 2.123(6), Re1 – N2 = 2.238(10), C1 – O1 =
1.267(9), C1 – N1 = 1.326(10), Re2 - C1 – O1 = 115.9(5), Re1 - O1 – C1 = 117.7(5).
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Figure 6.3. An ORTEP diagram showing 15% thermal ellipsoid probability of the
molecular structure of one of the two similar independent molecules of
Re2(CO)9(NHMe2) in the crystal of 6.4. Hydrogen atoms have been omitted for clarity.
Selected bond distances (Å) and angles (o) for 6.4 are: for molecule 1, Re1 – Re2 =
3.0482(4), Re1 – N1 = 2.282(7), N1 - Re1 - Re2 = 92.47(19); for molecule 2, Re3 - Re4
= 3.0488(4), Re3 - N2 = 2.271(6), N2 - Re3 - Re4 = 92.57(17).
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Scheme 6.1. A summary of the products obtained from the reaction of 6.1 with DMF and
their interrelationships. For clarity, the CO ligands are shown only as lines.
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CHAPTER 7
SYNTHESIS AND REACTIVITY OF ELECTRONICALLY
UNSATURATED DIRHENIUM CARBONYL COMPOUNDS
CONTAINING BRIDGING GOLD-CARBENE GROUPS6

6

Adams, Richard D.; Dhull, Poonam; Rassolov, V.; Wong, Yuen O.; Inorganic
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7.1 Introduction
Electronically unsaturated di- and polynuclear metal carbonyl cluster complexes
have attracted considerable interest over the years because of their high reactivity toward
ligand addition reactions. Electronically unsaturated cluster complexes are those in which
one or more of the metal atoms formally have fewer than 18 electrons.1 The electronic
deficiencies can be manifested in a variety of ways including unsaturation between the
metal – metal bonds,2 e. g. [Cp*Mo(CO)2]2, A;2b through ligand-bridged metal – metal
bonds,3,4,5 e. g. Re2(CO)8(μ-H)2, B;3 and even vacant coordination sites on one or more of
the metal atoms, e. g. Re2(CO)6)(PBut3)(μ-H)(μ-PBut2), C.6

Bridging ligands, especially hydrogen, can engage in bond forming processes with
an added ligand, particularly when it is an unsaturated hydrocarbon,7 and this can have
important implications for catalytic hydrogenation reactions.8
We have recently prepared some interesting new unsaturated gold-triosmium
complexes, e. g. Os3(CO)10[μ-Au(PPh3)](μ-Ph),9 and dirhenium complexes, e. g.
Re2(CO)8[μ-Au(PPh3)](μ-Ph) and Re2(CO)8)(μ-H)(μ-Ph) that contain bridging aryl
ligands.10,11 Re2(CO)8)(μ-H)(μ-Ph) is most unusual because it can add and eliminate
benzene via a binuclear C-H bond activation process under unusually mild conditions, even
at room temperature, e. g. eq. (1).11
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We have now synthesized a new series of unsaturated dirhenium carbonyl
complexes containing the bridging gold-carbene grouping, Au(NHC), NHC = 1,3-bis(2,6diisopropylphenyl)imidazol-2-ylidene

including

the

new

gold-hydride

complex

Re2(CO)8[μ-Au(NHC)](μ-H). Re2(CO)8[μ-Au(NHC)](μ-H) exhibits interesting reactivity
that is predicated upon its electronic unsaturation. It also provides a new synthetic route to
the remarkable phenyl-hydride complex Re2(CO)8)(μ-H)(μ-Ph). These studies are reported
herein.

7.2 Experimental Section
General Data
All reactions were performed under a nitrogen atmosphere. Reagent grade solvents
were dried by the standard procedures and were freshly distilled prior to use. Infrared
spectra were recorded on a Nicolet IS10 Mid-infrared FT-IR spectrophotometer. 1H NMR
was recorded on a Varian Mercury 300 spectrometer operating at 300 MHz, respectively.
Mass spectrometric (MS) measurements performed by a direct-exposure probe by using
electron impact ionization (EI) were made on a VG 70S instrument. Re2(CO)10 and
Au(NHC)Cl, (NHC = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) were purchased
from

STREM

and

were

used

without

further

purification.

Re2(CO)8[μ-η2-

C(H)=C(H)Bun](μ-H)12 and MeAu(NHC),13 were prepared according to the previously
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reported procedures. Product separations were performed by TLC in air on Analtech 0.25
and 0.5 mm silica gel 60 Å F254 glass plates.
Synthesis of Re2(CO)8[μ-Au(NHC)](μ-Ph), 7.1 and Re2(CO)8[μ-Au(NHC)]2, 7.2.
29.2 mg (0.040 mmol) of PhAu(NHC) was added to 30.0 mg (0.040 mmol) of
Re2(CO)8[μ-η2-C(H)=C(H)Bun](μ-H) dissolved in 20 mL of hexane. The solution was then
heated to reflux for 3 h. An orange solution formed. The solution was cooled, and the
solvent was then removed in vacuo. The residue was extracted in CH2Cl2 and separated by
TLC by using a 4:1 hexane/CH2Cl2 (v/v) solvent mixture to give a yellow band of
Re2(CO)8[μ-Au(NHC)](μ-Ph), 7.1, 24.8 mg (45%) and an orange band of Re2(CO)8[μAu(NHC)]2, 7.2, 22.6 mg (29%). Spectral data for 7.1: IR νCO (cm-1 in CH2Cl2): 2047(s),
1984(vs), 1956(m), 1928(s). 1H NMR (CD2Cl2,  in ppm) 7.98-8.02 (t, 1H, Ph), 7.78-7.80
(d, 2H, Ph, 3J = 7.6 Hz), 7.48-7.52 (t, 1H, N-Ph, 3J = 7.6 Hz), 7.35-7.36 (d, 2H, N-Ph, 3J =
7.6 Hz), 7.20 (s, 2H, NCH), 6.84-6.88 (t, 2H, Ph, 3J = 7.6 Hz), 2.93 (sept, CH(CH3)2, 3J =
6.8 Hz), 1.39 (d, CH3, 3J = 6.8 Hz), 1.14 (d, CH3, 3J = 6.8 Hz). Mass Spec. EI/MS m/z.
1258, M+, 1230, M+-CO, 1202, M+-2CO. The isotope distribution pattern is consistent with
the presence of one gold atom and two rhenium atoms. Spectral data for 7.2: IR νCO (cm-1
in CH2Cl2): 2017(s), 1967(vs), 1927(m), 1903(s). 1H NMR (CD2Cl2,  in ppm) 7.49-7.53
(t, 1H, N-Ph, 3J = 10.8 Hz), 7.31-7.33 (d, 2H, N-Ph, 3J = 10.8 Hz), 6.23 (s, 2H, NCH), 2.53
(sept, CH(CH3)2, 3J = 6.8 Hz), 1.33 (d, CH3, 3J = 6.8 Hz), 1.22 (d, CH3, 3J = 6.8 Hz). Mass
Spec. EI/MS m/z: 1768, M+, 1740, M+-CO. The isotope distribution pattern is consistent
with the presence of two gold atoms and two rhenium atoms.
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Synthesis of Re2(CO)8[μ-Au(NHC)]2, 7.2.
20.0 mg (0.030 mmol) of PhAu(NHC) was added to 14.0 mg (0.011 mmol)
of 7.1 dissolved in 30 mL of hexane in a round bottom flask. The solution was then heated
to reflux for 6 h. A light orange solution formed. The solution was cooled, and the solvent
was then removed in vacuo. The residue was extracted in CH2Cl2 and separated by TLC
by using a 4:1 hexane/CH2Cl2 (v/v) solvent mixture to give a red band of Re2(CO)8(μAuNHC)2, 7.2, 6.0 mg (32%) and a yellow band containing 7.0 mg of unreacted 7.1.
Synthesis of Re2(CO)8[μ-Au(NHC)](μ-H), 7.3.
20.0 mg (0.0159 mmol) of 7.1 was dissolved in 25 mL of benzene. The solution
was refluxed for 4 h under an atmosphere of H2 (1 atm). A dark orange solution was
formed, and the solvent was then removed in vacuo. The residue was extracted in CH2Cl2
and separated by TLC by using a 70:30 hexane/CH2Cl2 (v/v) solvent mixture to give an
orange band of Re2(CO)8[μ-Au(NHC)](μ-H), 7.3 (16.0 mg, 85% yield). Formation of
benzene as a side product was confirmed by NMR in the experiment described below.
Spectral data for 7.3: IR CO (cm-1 in CH2Cl2): 2090(w), 2057(s), 1994(vs), 1965(s),
1937(s). 1H NMR (C6D6, in ppm) : 7.26 (t, 1H, N-Ph, 3J = 8.1 Hz), 7.14 (d, 2H, N-Ph, 3J
= 8.1 Hz), 6.19 (s, 2H, NCH), 2.60 (sept, CH(CH3)2, 3J = 6.9 Hz), 1.45 (d, CH3, 3J = 6.9
Hz), 0.97 (d, CH3, 3J = 6.9 Hz), -10.97 (s, 1H, hydride). Mass Spec. EI/MS m/z. 1182, M+.
The isotope pattern is consistent with the presence of one gold atom and two rhenium
atoms.
Test for C6H6 Formation.
10.0 mg (0.0079 mmol) of 7.1 was dissolved in 0.8 mL toluene-d8 in a 5 mm NMR
tube. The NMR tube was evacuated and filled with H2 gas. The NMR tube was then heated
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to 100 oC for 1 h. A 1H NMR spectrum after this heating showed a singlet at  = 7.12
confirming the formation of benzene in solution (~100% yield).
Pyrolysis of 7.3.
10.0 mg (0.0079 mmol) of 7.3 was dissolved in 0.8 mL toluene-d8 in a 5 mm NMR
tube. The NMR tube was evacuated and filled with N2 gas. The NMR tube was then heated
to 100 oC for 24 h. A 1 H NMR spectrum was then recorded. The spectrum of this solution
showed a singlet at  = 4.51 confirming the formation of H2 in solution along with
formation of 7.2. Solvent was then removed in vacuo. The residue was extracted in CH2Cl2
and the product was then isolated by TLC by using a 70:30 hexane/CH2Cl2 (v/v) solvent
mixture to give a red band of Re2(CO)8(μ-AuNHC)2, 7.2, 4.0 mg (53% yield).
Synthesis of Re2(CO)9[Au(NHC)](μ-H), 7.4.
15.0 mg (0.0127 mmol) of 7.3 was dissolved in 25 mL of benzene. The solution
was refluxed for 6 h in the presence of a slow purge with CO gas. After this period, a light
orange solution had formed. The solvent was then removed in vacuo. The residue was
dissolved in CH2Cl2 and the product was then separated by TLC by using a 70:30
hexane/CH2Cl2 (v/v) solvent mixture to give an orange band of Re2(CO)9[Au(NHC)](μH), 7.4, (14 mg, 91% yield). IR CO (cm-1 in CH2Cl2): 2098(w), 2035(s), 1989(vs), 1950(s),
1917(s). 1H NMR (C6D6, in ppm) : 7.20-7.25 (t, 1H, N-Ph, 3J = 7.8 Hz), 7.04-7.07 (d, 2H,
N-Ph, 3J = 7.8 Hz), 6.24 (s, 2H, NCH), 2.49 (sept, CH(CH3)2, 3J = 6.9 Hz), 1.40 (d, CH3, 3J
= 6.9 Hz), 1.04 (d, CH3, 3J = 6.9 Hz), -7.50 (s, 1H, hydride). Mass Spec. EI/MS m/z. 1210,
M+. The isotope pattern is consistent with the presence of one gold atom and two rhenium
atoms.
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Synthesis of Re2(CO)8[μ-Au(NHC)](μ-C2H3), 7.5.
16.0 mg (0.0135 mmol) of 7.3 was dissolved in 25 mL of benzene. The solution
was heated to reflux for 6 h in the presence of a slow purge with C2H2 gas. A yellow
solution formed. The solvent was then removed in vacuo. The residue was dissolved in
CH2Cl2 and the product was then separated by TLC by using a 70:30 hexane/CH2Cl2 (v/v)
solvent mixture to give a yellow band of Re2(CO)8[μ-Au(NHC)](μ-C2H3), 7.5 (9.0 mg,
55% yield). IR CO (cm-1 in CH2Cl2): 2080 (w). 2047 (s), 1992 (vs). 1957 (w), 1942 (s,br),
1919 (w). 1H NMR (C6D6, in ppm) : 7.18 (t, 1H, N-Ph, 3J = 8.1 Hz), 7.10 (d, 2H, N-Ph,
3

J = 8.1 Hz), 6.93 (dd, C2H3, 1H, 3J = 16.2 Hz, 10.5 Hz) 6.51 (s, 2H, NCH), 5.41 (dd, C2H3,

1H, 3J = 10.5 Hz, 2.4 Hz), 3.32 (dd, C2H3, 1H, 3J = 16.2 Hz, 2.4 Hz), 3.09 (sept, CH(CH3)2,
3

J = 6.9 Hz), 1.43 (d, CH3, 3J = 6.9 Hz), 0.99 (d, CH3, 3J = 6.9 Hz). Mass Spec. EI/MS m/z.

1208, M+. The isotope distribution pattern is consistent with the presence of one gold atom
and two rhenium atoms.
Reaction of 7.1 with HCl.
8.0 mg (0.00634 mmol) of 7.1 was dissolved in 0.8 mL methylene chloride-d2 in a
5 mm NMR tube. The NMR tube was evacuated and filled with HCl gas (excess). The HCl
gas was obtained by syringe from the head space of a bottle of 6M aqueous HCl. This
sample was then allowed to stand in the NMR tube for 2 h at room temperature. A

1

H

NMR spectrum was recorded after that period showed a singlet at  = -11.51 confirming
the formation of Re2(CO)8(µ-C6H5)(µ-H), 7.610 in solution along with formation of
Au(NHC)Cl. Solvent was then removed and the residue was dissolved in CH2Cl2 and
separated by TLC by using a 70:30 hexane/CH2Cl2 (v/v) solvent mixture to give a yellow
band of 4.00 mg of 7.6 (93% yield).
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Addition of HCl to 7.2.
10.0 mg (0.00565 mmol) of 7.2 was dissolved in 1.0 mL methylene chloride-d2 in
a 5 mm NMR tube. The NMR tube was evacuated and filled with HCl gas (excess). The
HCl gas was obtained by syringe from the head space of a bottle of 6M aqueous HCl. The
NMR tube was then allowed to stand at room temperature for 2 h. A 1 H NMR spectrum
was obtained and showed a singlet at  = -10.98 confirming the formation of 7.3 in solution
along with formation of Au(NHC)Cl. Solvent was then removed in vacuo. The residue was
dissolved in CH2Cl2 and separated by TLC by using a 70:30 hexane/CH2Cl2 (v/v) solvent
mixture to give a yellow band of 7.3, 5.5 mg (82% yield).
Stereochemistry of C2H2 Insertion to 7.3.
20.0 mg (0.0159 mmol) of 7.1 was dissolved in 0.8 mL benzene-d6 in a 5 mm NMR
tube. The NMR tube was evacuated and filled with D2 gas. The NMR tube was then
allowed to stand for 4 h at 60 oC. A 1 H NMR spectrum was then recorded and showed the
formation of Re2(CO)8[µ-Au(NHC)](µ-D) in solution along with formation of
Re2(CO)8(µ-AuNHC)(µ-H)(< 6% by relative integration of the carbene ligand (H) and
hydride resonances). The solvent was then removed in vacuo. The product was purified by
chromatography over Bio-beads using hexane solvent for elution to give a yellow band of
Re2(CO)8(µ-AuNHC)(µ-D) 7.3-d1, (16 mg, 85% yield). The 16.0 mg (0.0135 mmol) of
Re2(CO)8(µ-AuNHC)(µ-D) was dissolved in 0.8 mL benzene-d6 in a 5 mm NMR tube. The
NMR tube was evacuated and then filled with C2H2 gas. The NMR tube was then allowed
to stand for 6 h at 70 oC. A

1

H NMR spectrum was then obtained which showed the

formation of the cis-(H,H) isomer versus the trans-(H,H) isomer in a 3:1 ratio by integration
of the appropriate vinyl resonances.
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Crystallographic Analyses
Single crystals of compounds 7.1-7.5 suitable for x-ray diffraction analyses were
obtained by slow evaporation of solvent from solutions of the pure compounds in hexane
solvent at room temperature. Each data crystal was glued onto the end of a thin glass fiber.
X-ray intensity data were measured by using a Bruker SMART APEX CCD-based
diffractometer by using Mo Kα radiation (λ = 0.71073 Å). The raw data frames were
integrated with the SAINT+ program by using a narrow-frame integration algorithm.14
Correction for Lorentz and polarization effects were also applied with SAINT+. Empirical
absorption corrections based on the multiple measurements of equivalent reflections were
applied in each analysis by using the program SADABS. 14 All structures were solved by
a combination of direct methods and difference Fourier syntheses, and were refined by fullmatrix least squares refinement on F2 by using the SHELXTL software package.15 Crystal
data, data collection parameters, and results for the analyses are listed in Table 7.1.
Computational Analyses.
All computational analyses were performed with ADF2014 program by using the
PBEsol-D3 functional with ZORA scalar relativistic correction16 and valence triple-ζ + 2
polarization, relativistically optimized (TZ2P) Slater-type basis set, with small frozen
cores. All computations are done in gas phase. This choice of computational model is based
on prior testing of various functionals and basis sets.17 The PBEsolD3 functional, which
was originally developed primarily for solids, was shown to be superior to other functionals
in the PBE family in the structural parameters of large organic systems18 and for metal
clusters.19
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7.3 Results and Discussion
The reaction of Re2(CO)8[μ-η2-C(H)=C(H)Bun](μ-H) with PhAu(NHC) yielded
two new dirhenium compounds: Re2(CO)8[μ-Au(NHC)](μ-Ph), 7.1 (45% yield) and
Re2(CO)8[μ-Au(NHC)]2, 7.2 (29% yield). Compound 7.2 was subsequently shown to be a
secondary product formed by the reaction of 7.1 with an additional quantity of
PhAu(NHC), (32% yield). Both products were characterized by a combination of IR, 1H
NMR, mass spec and single crystal X-ray diffraction analyses. An ORTEP diagram of the
molecular structure of 7.1 is shown in Figure 7.1. Compound 7.1 contains two Re(CO)4
groups joined by an Re – Re bond that is bridged by a -C6H5 ligand and a Au(NHC)
group. The Re – Re bond distance, 2.9439(3) Å, is similar to the Re – Re bond distance,
2.9690(4) Å, found in the PPh3 homolog of 7.1, Re2(CO)8[μ-Au(PPh3)](μ-Ph)10, 7, but both
are significantly shorter than that of the Re – Re single bond distance in Re2(CO)10,
3.041(1) Å.20 The Re – Au and Re – C bond distances to the bridging phenyl ligand in 7.1,
Re1 - Au1 = 2.7869(3) Å, Re2 - Au1 = 2.7934(3) Å, Re1 - C1 = 2.331(6) Å and Re2 - C1
= 2.378(6) Å, are similar to those in 7.7, Au1–Re1 2.7567(3) Å, Au1–Re2 = 2.8080(4) Å,
Re1–C1 = 2.292(5) Å, Re2–C1 2.396(5) Å, but are more symmetrical in 7.1. This may be
due to differences bonding as a result of the differences in symmetries between the NHC
and PPh3 ligands. Compound 7.1 and 7.7 are both electron deficient, 32 valence electrons
combined at the two rhenium atoms, and this could help to explain their shorter Re – Re
distances vis-à-vis Re2(CO)10.
An ORTEP diagram of the molecular structure of 7.2 is shown in Figure 7.2.
Compound 7.2 can be viewed as a dimer of the fragment “(NHC)AuRe(CO)4”. The
molecule lies on a crystallographic center of symmetry in the solid state and contains two
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Re(CO)4 groups joined by an Re – Re bond that is bridged by two Au(NHC) groups. It is
structurally similar to the compound Re2(CO)8[μ-Au(PPh3)]2, 7.8, that was obtained
previously by the decarbonylation and dimerization of the compound (Ph3P)AuRe(CO)5.3b
The Re – Re bond distance in 2, Re1 – Re2 = 2.8981(4) Å, is very similar to the Re – Re
bond distance in 7.8, Re1 – Re2 = 2.9070(3) Å. The two independent Re – Au bond
distances in 7.2, Re1 - Au1 = 2.7770(3) Å, Re1i - Au1 = 2.7948(3) Å. Assuming that the
Au(NHC) group serves as a one electron donor, then the rhenium atoms in 7.2 contain a
total of 32 valence electrons, and the molecule is electronically unsaturated. This helps to
explain why the Re – Re bond distance is significantly shorter than the Re – Re single bond
distance in Re2(CO)10, 3.041(1) Å.20
When compound 7.1 was allowed to react with H2 (1 atm) for 4 h in benzene at
reflux, the new compound Re2(CO)8[μ-Au(NHC)](μ-H), 7.3 was obtained in 83% yield.
Compound 7.3 have important implications for catalytic hydrogenation reactions
The molecular structure of compound 7.3 was established by a single crystal X-ray
diffraction analysis. The crystal of compound 7.3 contains two independent molecules,
7.3A and 7.3B, in the asymmetric crystal unit. ORTEP diagrams of both of these molecules
are shown in Figure 7.3. Compound 7.3 can be viewed as a derivative of 7.2 formed by
the replacement of one of the Au(NHC) groups with a bridging hydrido ligand. However,
it was not formed that way. It was formed by the addition of H2 to 7.1 followed by the
elimination of benzene which was observed spectroscopically (1H NMR) as a coproduct
by performing the reaction in d8-toluene. The two independent molecules of 7.3 in the solid
state differ by the orientation of the NHC carbene ligand. In structure 7.3A the plane of the
carbene ligand is parallel to the Re – Re bond. In structure 7.3B the plane of the carbene
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ligand is perpendicular to the Re – Re bond. The change in conformation of the NHC ligand
does not have a significant effect on the metal – metal bond distances in the two molecules.
In structure 7.3A, Re1 – Re2 = 2.9001(6) Å, Re1 - Au1 = 2.8009(6) Å, Re2 - Au1 =
2.8105(6) Å, while in structure 7.3B, Re3 – Re4 = 2.9044(7) Å, Re3 - Au2 = 2.7903(6) Å,
Re4 - Au2 = 2.7979(6) Å. The 1H NMR spectrum shows only one hydride resonance,  =
-10.97, which indicates that the two isomers are rapidly interconverting on the NMR
timescale in solution. Compound 7.3 is electronically unsaturated (32 valence electrons)
just like 7.2 which explains the short Re – Re bond distances in 7.3A and 7.3B. The Re –
Re bond distance in Re2(CO)8(μ-H)2, which is also unsaturated, is 2.876(1) Å.3c
When heated to 100 oC for 24 h, compound 7.3 was transformed to 7.2 in 53% yield
with formation of the coproduct H2 which was observed by 1H NMR spectroscopy.
Interestingly, when 7.2 was treated with HCl (gas), it was converted to 7.3 in 82 % yield
with formation of ClAu(NHC).
It was decided to investigate some aspects of the reactivity of 7.3. When of 7.3 was
allowed to react with CO gas (1 atm) in a benzene solution at reflux for 6 h, the new
compound Re2(CO)9[Au(NHC)](μ-H), 7.4, was obtained in 91% yield. Compound 7.4 was
also characterized by a single-crystal X-ray diffraction analysis. An ORTEP diagram of the
molecular structure of 7.4 is shown in Figure 7.4. Compound 7.2 contains two rhenium
atoms, an Re(CO)5 group bonded to a Re(CO)4 group that contains a terminally coordinated
an Au(NHC) group with a hydrido ligand,  = -7.50, bridging the Re – Au bond, Re1 - Au1
= 2.8572(3) Å. The Re2 group is electronically saturated and the Re – Re bond distance,
Re1 – Re2 = 3.0425(4) Å, is virtually the same as that found in Re2(CO)10, 3.041(1) Å.20
The hydrido ligand was located and refined in the structural analysis, Re1 - H1 = 1.68(9)
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and Au1 - H1 = 1.40(9) Å. The Au – H distance is a little shorter than expected, but the
esds given in parentheses are large as usual for hydrogen atoms bonded to metal atoms.
There are very few examples of structural characterizations of hydride ligand bridging
transition metal – gold bonds. Stone reported the compound (Ph3P)AuCr(CO)5)(μ-H)21 in
which the Au - H distance to the bridging hydrido ligand was observed at Au – H = 1.72(11)
Å.
In order to obtain a better understanding of the nature of this unusual transformation
that results in the formation of the Au – H bond and the shift of the two atoms to a terminal
coordination position on one of the rhenium atoms, a series of ADF DFT computational
analyses were performed. Because of the large size of the NHC ligand, the NHC group in
this analysis was modeled by using C(NH2)2 instead of the complete carbene ligand. The
analysis was initiated by allowing a molecule of CO to approach a geometry-optimized
structure of 7.3. It was found that the lowest energy approach of the CO was to the gold
atom approximately in the Re2Au plane of the three metal atoms. We shall call the species
intermediate I0, (-17.5 kcal/mol) shown in Scheme 7.1. The addition is reasonable because
the gold atom in 7.3 does have some empty p-orbitals in its valence shell. The LUMO of
7.3 shown in Figure 7.5 shows that a significant component of this molecular orbital has a
p-character (9.7% - Au px) is centered on the gold atom.
The added CO ligand then shifts to a terminally-coordinated position on one of the
rhenium atoms to form the intermediate I1 via the transition state TS1 in which the CO
ligand is a bridge between the gold atom and the rhenium atom, see Scheme 7.1. In the
process, the bridging hydrido ligand is shifted to a terminally-coordinated position on the
other rhenium atom. I1 has a fairly low energy, -28,6 kcal/mol relative to the reactants;
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however, efforts to detect such a species by following the reaction spectroscopically (H
NMR) were unsuccessful. Conversion to the final product involves a shift of the bridging
Au(NHC) group to a terminal-coordination position on the rhenium atom which does not
contain the added CO ligand and a shift of the hydrido ligand to the Re – Au bond. The
lowest energy route to this product was found to occur via a concerted process through
which the hydrido ligand moves back to and through the Re – Re bond as the Au(NHC)
group begins to shift to the terminal position, see transition state TS2, Scheme 7.1, and
then proceeds to the species I2 at -30.8 kcal/mol.
I2 differs slightly from the final product 7.4 in that the bridging hydrido ligand lies
out of the AuRe2 plane. A diagram of the profile energy along the reaction coordinate is
shown in Figure 6. To obtain the final product 7.4 computationally, the NHC model ligand
was converted to the original 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene group,
diipmi, represented as NHC* in Figure 7.6 for the final geometry optimization, and the
hydrido ligand then moved to the correct in-plane location on the final stages of refinement,
Re – H = 1.802 Å and Au – H = 1.715 Å, -28.2 kcal/mol. The nature of the bonding of the
HAu(NHC) group to the rhenium atom Re(1) is shown by the HOMO-15 (-7.55 eV)
presented in Figure 7.7. This orbital consists of a hydrid of three d-orbitals 5dx2-y2 (19.9%),
5dxz (19.3%) and 5dz2 (6.1%) on the gold atom, the 1s orbital (7.8%) on H and the 5p x
orbital (4.7%) on the rhenium atom Re(1).
Compound 7.3 was found to react with C2H2 (gas, 1 atm) in a benzene solution at
reflux to give the new compound Re2(CO)8[μ-Au(NHC)](μ-C2H3), 7.5 in 55% yield.
Compound 7.5 was also characterized by a single-crystal X-ray diffraction analysis. There
are two independent molecules of 7.5 in the asymmetric unit of the crystal. Both molecules
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are structurally similar. An ORTEP diagram of the molecular structure of one of these
molecules is shown in Figure 7.8. Compound 7.5 contains two mutually-bonded Re(CO)4
groups that are bridged by an Au(NHC) group and a μ-2-C2H3 ligand. Compound 7.5
contains 34 valence electrons at the metal atoms. It is thus electronically saturated and the
Re – Re bond is much longer, Re – Re = 3.1067(9) Å [3.1077(10) Å], than those in
compounds 7.1-7.3. The Re – Au distances to the bridging Au(NHC) group are
inequivalent, Re1 - Au1 = 2.7848(7) Å [2.7860(8) Å], Re2 - Au1 = 2.8336(7) Å,
[2.8042(8)] Å due to the unsymmetrical coordination of the bridging C2H3 ligand to the
two rhenium atoms. This is the standard -  coordination mode for alkenyl ligands in diand polynuclear metal complexes. The μ-2-C2H3 ligand was formed by the insertion of a
molecule of C2H2 in the Re – H bonds of the bridging hydrido ligand. Similar insertions
have been observed in reactions of alkynes with unsaturated cluster complexes containing
bridging hydrido ligands.22 Carbon C1 ([C3] in molecule 2) is bonded to both Re atoms,
Re1 - C1 = 2.09(2) Å [2.01(3) Å], Re2 - C1 = 2.47(3) Å [2.52(3) Å] while the second
carbon atom is bonded to only one Re atom, Re2 - C2[C4] = 2.29(3) Å [2.27(5) Å]. The
Re – C bond distances in 7.5 are similar to those found in the complex, {Re2(CO)8[μ-η2C(H)=C(H)Bun]}2(μ4-Hg), Re1 - C1 = 2.129(9), Re2 - C1 = 2.324(9), Re2 – C2 = 2.481(9),
Re3 - C7 = 2.151(11), Re4 - C7 = 2.411(11), Re4 -C8 = 2.505(15) which contains a - 
coordinated butenyl ligand.23
To investigate the stereochemistry of the acetylene insertion reaction, the
compound Re2(CO)8[Au(NHC)](μ-D), 7.3-d1 was prepared in 94% isotopic purity by the
reaction of 7.1 with D2. Compound 7.3-d1 was then allowed to react with C2H2 to prepare
7.5-d1 and the stereochemistry of the C2H2D ligand was ascertained by integration of the
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H-resonances by 1H NMR spectroscopy. These studies showed that the product 7.5-d1 was
a mixture of the two isomers cis-(H,H)/trans-(H,H) in a 3/1 ratio by integration of the
appropriate vinyl resonances. This indicates that the insertion proceeds preferentially with
a 3/1 cis or syn-insertion stereochemistry. Previous studies have shown that alkyne
insertion reactions generally proceed with cis-stereochemistry,24 but some examples
having trans-stereochemistry have been reported for insertions involving dinuclear metal
complexes.25

7.4 Conclusions
A summary of the compounds prepared in this study and their relationships are
shown in Scheme 7.2. The compound Re2(CO)8[μ-η2-C(H)=C(H)Bun](μ-H) reacts with
PhAu(NHC) by elimination of 1-hexene and oxidation addition of the Au – C bond to the
phenyl group of PhAu(NHC) to yield the electronically unsaturated compound 7.1 which
contains a 1-bridging phenyl ligand and a bridging Au(NHC) group. Compound 7.1 reacts
with a second equivalent of PhAu(NHC) to yield the compound 7.2 which contains two
bridging Au(NHC) groups. Compound 7.1 reacts with hydrogen to eliminate the phenyl
group as benzene to yield the unsaturated compound 7.3 which contains a bridging hydrido
ligand and a bridging Au(NHC) group. Compound 7.3 can also be obtained from 7.2 by
the removal of one bridging Au(NHC) group upon reaction with HCl that also yields
ClAu(NHC). A similar reaction of 7.1 with HCl also removes the bridging Au(NHC) group
as ClAu(NHC) to yield compound 7.6. Compound 7.3 adds one equivalent of CO to yield
the compound 7.4 by forming a bond between the bridging Au(NHC) group and the
bridging hydrido ligand. The H - Au(NHC) group is then shifted to a terminal position on
one of the rhenium atoms. Computational studies have indicated that the addition of CO to
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7.3 proceeds via an intermediate in which the CO ligand is added first to the gold atom.
Compound 7.3 also adds C2H2 by insertion into the Re – H bonds to yield the complex 7.5
that contains a bridging – vinyl ligand. Labeling studies have shown that the reaction
occurs preferentially with a cis-stereochemistry.
It has been shown that bridging Au(NHC) groupings can stabilize electronically
unsaturated dirhenium carbonyl complexes and they still undergo interesting reactions with
common ligands. The compound 7.4 could be viewed as an analog of a 2-CH benzene
coordinated intermediate TS2 (see ref. 10) that was computationally predicted to form in
the course of the addition of NCMe to compound 7.6 by the formation of a bond between
the bridging H and bridging C6H5 ligands.10 The Au(NHC) grouping can be removed from
some of the complexes by reaction with HCl.
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Table 7.1. Crystal data, data collection parameters for compounds 7.1-7.5.
Compound
Empirical
formula
Formula
weight
Crystal
system
a (Å)
b (Å)
c (Å)

1
AuRe2O8N2
C41H41
1259.15

2
Au2Re2O8N4
C62H72
1767.57

3
AuRe2O8N2
C35H37
1183.03

4
AuRe2O9N2
C36H37
1211.04

5
AuRe2O8N
2C37H39
1209.07

Monoclinic

Monoclinic

Monoclinic

Monoclinic

12.5861(7)
20.5884(11)
16.6890(9)

12.4221(5)
16.2998(6)
16.8304(6)

Orthorhomb
ic
16.3541(10)
14.5829(9)
33.521(2)

14.3045(10)
12.8309(9)
22.5612(15)

19.3475(9)
11.2082(5)
37.4160(18
)
90.00
94.003(1)
90.00
8093.9(7)
P21/n
8
1.984
9.632

α (deg)
90.00
90.00
90.00
90.00
β (deg)
90.488(1)
97.224(1)
90.00
98.161(1)
γ (deg)
90.00
90.00
90.00
90.00
3
V (Å )
4324.4
11755(3)
7993.9(9)
4109.3(5)
Space group P21/n
P21/n
Pca21
P21/c
Z value
4
2
8
4
ρcalc (g/cm3)
1.934
1.701
1.966
1.958
μ (Mo Kα)
9.018
7.945
9.750
9.488
(mm-1)
Temperature 294(2)
294(2)
294(2)
294(2)
294(2)
(K)
2θmax(°)
56.06
56.00
50.04
50.06
50.06
No. Obs.,
6709
6299
14116
7255
11982
I>2σ(I)
No.
495
360
887
463
901
Parameters
Goodness of 1.026
1.053
1.015
1.063
0.857
a
fit (GOF)
Max. shift on 0.005
0.001
0.002
0.063
0.005
final cycle
a
Residuals:
0.0245;
0.0352;
0.0340;
0.0253;
0.0526;
R1; wR2
0.0613
0.0732
0.0729
0.0620
0.1151
Absorp.
Multi-Scan
Multi-Scan
Multi-Scan
Multi-Scan
Multi-Scan
Corr,
1.000/0.495 1.000/0.631
1.000/0.572 1.000/0.442 1.000/0.31
Transmission
7
Max/min
Largest peak 1.256
1.296
1.301
1.135
1.479
Final Diff.
Map (e-/Å3)
a
R1 = hkl(Fobs-Fcalc)/hklFobs; wR2 = [hklw(Fobs-Fcalc)2/hklwF2obs]1/2; w
= 1/2(Fobs);
GOF = [hklw(Fobs-Fcalc)2/(ndata – nva)
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Figure 7.1. An ORTEP diagram of the molecular structure of Re2(CO)8[μ-Au(NHC)](μPh), 7.1 showing 30% thermal ellipsoid probability. Hydrogen atoms have been omitted
for clarity. Selected bond distances (Å) and angles (o) are Re1 – Re2 = 2.9439(3), Re1 Au1 = 2.7869(3), Re2 - Au1 = 2.7934(3). Re1 - C1 = 2.331(6), Re2 - C1 = 2.378(6), Au1
- C30 = 2.048(4), Re1 - Au1 - Re2 = 63.680(7), Re1 - C1 - Re2 77.38(16).
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Figure 7.2. An ORTEP diagram of the molecular structure of Re2(CO)8[μ-Au(NHC)]2,
7.2 showing 15% thermal ellipsoid probability. Hydrogen atoms have been omitted for
clarity. Selected bond distances (Å) and angles (o) are Re1 – Re2 = 2.8981(4), Re1 - Au1
= 2.7770(3), Re1i - Au1 = 2.7948(3), Au1 – C5 = 2.058(5), Re1 - Au1 - Re1 = 62.684(8).
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A)

B)

Figure 7.3. An ORTEP diagrams of the molecular structures of the two independent
molecules of Re2(CO)8[μ-Au(NHC](μ-H), 7.3 showing 15% thermal ellipsoid probability
found in the asymmetric unit of the crystal of 3. Hydrogen atoms on the carbene ligands
have been omitted for clarity. In structure (A) (left) the plane of the carbene ligand is
parallel to the Re – Re bond. In structure (B) (right) the plane of the carbene ligand is
perpendicular to the Re – Re bond. Selected bond distances (Å) and angles (o) for
structure A are: Re1 – Re2 = 2.9001(6), Re1 - Au1 = 2.8009(6), Re2 - Au1 = 2.8105(6),
Au1 - C45 2.097(9), Re1 - Au1 - Re2 = 62.239(16). Selected bond distances (Å) and
angles (o) for structure B are: Re3 – Re4 = 2.9044(7), Re3 - Au2 = 2.7903(6), Re4 - Au2
= 2.7979(6), Au2 - C72 = 2.080(9), Re3 - Au2 - Re4 = 62.629(16).
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Figure 7.4. An ORTEP diagram of the molecular structure of Re2(CO)9[Au(NHC)](μ-H),
7.4 showing 30% thermal ellipsoid probability. Hydrogen atoms on the carbene ligands
have been omitted for clarity. Selected bond distances (Å) and angles (o) are Re1 – Re2 =
3.0425(4), Re1 - Au1 = 2.8572(3), Re1 - H1 = 1.68(9), Au1 - C30 = 2.016(4), Au1 - H1
= 1.40(9), Au1 - Re1 - Re2 = 104.988(9), C30 - Au1 - Re1 = 162.95(12).
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Figure 7.5. The lowest unoccupied molecular orbital (LUMO) of 7.3, at -3.47 eV
contains a node perpendicular to the AuRe2 on the gold atom.
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Figure 7.6. An energy profile diagram for the addition of CO to 7.3 along the reaction
coordinate.
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Figure 7.7. The HOMO-15 (-7.55 eV) of compound 7.4 shows the bonding of the
HAu(NHC) group to the rhenium atom Re(1).
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Figure 7.8. An ORTEP diagram of the molecular structure of Re2(CO)8[μ-Au(NHC](μC2H3), 7.5 showing 15% thermal ellipsoid probability. Hydrogen atoms on the carbene
ligands have been omitted for clarity. Selected bond distances (Å) for 7.5 are: For
Molecule 1: Re1 – Re2 = 3.1067(9), Re1 - Au1 = 2.7848(7), Re2 - Au1 = 2.8336(7), Re1
- C1 = 2.09(2), Re2 - C2 = 2.29(3), Re2 - C1 = 2.47(3), Au1 - C45 = 2.066(11); For
Molecule 2: Re3 - Re4 = 3.1077(10), Re3 - Au2 = 2.7860(8), Re4 - Au2 = 2.8042(8), Re3
- C3 = 2.01(3), Re4 - C3 = 2.52(3), Re4 - C4 = 2.27(5), Au1 - C45 = 2.066(11), Au2 C72 = 2.044(12).
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Scheme 7.1. Computationally-determined intermediates and transition states involved in
the addition of CO to compound 7.3. Arrows show the direction of movement of key
atoms en route to the next species in the sequence. NHC = C(NH2)2, NHC* = 1,3-bis(2,6diisopropylphenyl)imidazol-2-ylidene.
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Scheme 7.2. A summary of the compounds prepared in this study and their relationships.
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